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The radioactive a-decay is discussed as a many-body problem. The nuclear radius is found 


to be 13-107 


cm+10 percent, as compared to 9-107! 


3 in the older theory. The increased 


radius makes the theoretical cross section for the disintegration of heavy nuclei by deuterons 


agree with experiment. 


I 


HE problem of the natural radioactive decay 

has thus far been treated from the stand- 
point of the one-body problem: It has been as- 
sumed that the a-particle exists at all times inside 
the radioactive nucleus and has only to penetrate 
through the potential barrier in order to be 
emitted. In reality, the ideas of Bohr! and of 
Breit and Wigner? must be applied to this prob- 
lem. Ordinarily, the particles in a complicated 
nucleus make extremely complicated motions, 
and only very rarely will the situation be de- 
scribable as an a-particle plus a residual nucleus. 
The probability of a-emission consists therefore 
of two parts, viz., the probability that the nuclear 
configuration is such that an a-particle may be 
emitted times the probability of penetration 
through the potential barrier. Since the former is 
certainly quite small compared to unity, the 
probability of penetration must be much larger 
than the 
a-decay, i.e., the penetration must be much more 
probable than has been assumed thus far. This 
means that the potential barriers of radioactive 


observed resultant probability of 


nuclei must be lower, and the radii larger than 
has been assumed. 
We may write the decay constant of a radio- 


' Bohr, Nature 137, 344 (1936). 
* Breit and Wigner, Phys. Rev. 49, 519 (1936). 


active nucleus 
A= .P/ih, (1) 


where P is the penetrability of the potential‘ 
barrier and [,/k the value which the decay 
constant would have if the potential barrier were 
absent. I, would be the width of the nuclear 
energy level (in ergs) for no barrier. 

There is, of course, no direct evidence about 
I. The only evidence we have for the widths of 
nuclear levels is from the experiments on slow 
neutrons. The the first 
resonance level of Ag (short period) has been 
found to be about 0.0007 volt. From this value, 


“neutron width" of 


we may estimate the width of resonance levels 
for fast neutrons. It is known* * that, cef. par., 
the neutron width of a nuclear level is propor- 
tional to the velocity of the neutron, or inversely 
proportional to its wave-length. Furthermore it 
is plausible’ that this rule holds until the neutron 
wave-length‘ X becomes of the order of the range 
of the nuclear forces, i.e., about 2-10~" cm. Since 
the wave-length of a neutron of 3 volts energy is 
X=2.5-10-"° cm, we find for the neutron width of 
a nuclear level from which fast neutrons may be 


emitted, 


r,=0.0007-2.5-10-'!9/2-10-"8~1 volt. (2) 


’ Bethe and Placzek, Phys. Rev., to appear shortly. 
4X denotes the ordinary wave-length divided by 27. 
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It is not easy to see in what way the a-width 
will differ from the neutron width. On one hand, 
the a-width may be expected to be smaller, be- 
cause it seems less probable that an a-particle is 
formed than that the nucleus splits into a neutron 
plus a residual nucleus. Furthermore, it may be 
expected that the widths of the nuclear levels 
decrease with incredsing atomic weight, along 
with the decrease of the spacing between the 
levels,® and are therefore smaller for radioactive 
nuclei than for Ag. On the other hand, it might 
be argued that it is more difficult to concentrate 
all the energy of a highly excited nucleus on one 
neutron than to emit an a-particle from a nucleus 
in the ground state. Arguments could further be 
given to invalidate the last two points. 

In the absence of any conclusive evidence, we 
assume the a-width ,=1 volt, i.e., of the same 
order as the neutron width calculated above. We 
must admit that this value may be wrong by 
about a factor 100 either way. With this value for 
I, and the observed decay constants, we may 
calculate the radii of the radioactive nuclei in the 
usual straightforward way. We obtain in the 
average 


(3) 


R=13-10-" cm 


as compared to the value R=9-10-" cm derived 
from the one-particle model of the nucleus. 

The values of R derived from various a-radio- 
active nuclei are very nearly the same,® just as in 
the old model of Gamow and of Condon and 
Gurney. In other words, the Geiger-Nuttall 
relation is not affected by the change of the 
nuclear radius. This can be seen from the well- 
known approximate formula for the pene- 
trability’ 

2rzZe? Ae 
log P= —— -4+—(2MzZR)! 


hv h 





(4) 


in which Ze is the charge of the nucleus, and ze, 
and v are the charge, the mass and the velocity of 
the a-particle. P consists, therefore, of one factor 
depending on the velocity and not on the radius, 


5 Bethe, Phys. Rev. 50, 332 (1936). 

® A table will be given in the report on Nuclear Physics, 
part B, by Bethe and Livingston, to appear in Reviews of 
Modern Physics, 1937. 

7 Strictly speaking, a more complicated formula must be 
used because the energy of the a-particle is not small 
compared to the height of the potential barrier. However, 
the correction term is not very different for different 
radioactive nuclei. 
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and another depending on the radius and not on 
the velocity. The first is the basis of the Geiger- 
Nuttall relation. The second factor is changed 
due to the change in the nuclear radius, but the 
change has the same amount for all radioactive 
nuclei and just balances the factor introduced in 
I. by using the many-body rather than the 
one-body approximation. 

The uncertainty in R due to the uncertainty of 
I, may be estimated from (4). Since the decay 
constant \ is given experimentally, the pene- 
trability P is just as uncertain as T,, i.e., by a 
factor 100. Now, according to (4), small varia- 
tions of R and P are connected by the relation 


6P 6R ~(=*) 4 


=— - ~ (5) 
P Rh R 
Inserting the numerical values, this gives 
6P’P=~506R/R. (5a 


An uncertainty of + log 100=+4.6 in log P, 
corresponds therefore to an uncertainty of about 
+10 percent in the nuclear radius. 


II 


The the nuclear radius will, of 
course, change all quantities in nuclear physics 
whose estimates are based on the value of R. We 
mention only the calculations of the density of 
nuclear energy levels,® of the Coulomb energy in 
heavy nuclei, the nuclear surface tension, and the 
semiempirical formula for nuclear binding ener- 
gies.* The latter has to be replaced by 


increase in 


E=-—4.60A+0.47+9.9A! 


+13.777/A+0.43Z°A-!, (6 


where A is the mass number, Z the charge and, 
I =A —2Z the isotopic number of a nucleus. £ is 
the thousandths of a mass 
unit. 

The change in the nuclear radius has also an 
important consequence for the probability of 
transmutations. It is well known that heavy 
nuclei (Pt, Bi) been disintegrated by 
deuterons of 4 to 5 MV. The cross sections for 
these disintegrations are quite large,® about 
~ SCF. eg., Bethe and Bacher, Rev. Mod. Phys. 8, 166 
(1936), Eq. (185a). 


®T am indebted to Professor Lawrence for this com- 
munication. 


‘‘mass excess” in 
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10-8 cm*. This is much more than could be 
expected with the old radii but fits in quite well 
with the new ones. 

According to the Breit-Wigner formula,” * the 
probability of a disintegration by a deuteron of 
energy E is 


YdYx 


o=TKs - ‘ 
(E—Eo)?+}7 
where Ep is the energy corresponding to the 
nearest resonance level of the compound nucleus, 
y the total width of this level, ya the part of the 
width corresponding to the emission of a deuteron 
by the compound nucleus, y, the width cor- 
responding to the emission of the outgoing par- 
ticle, and Xy, the wave-length of the deuteron. It 
has been assumed that, for each deuteron energy, 
only one resonance level is important (cf. 
reference 3). If we average (7) over the deuteron 
energy we obtain 


Oy=2AS VAY p yA, (3) 


where A is the spacing between adjacent levels of 
the compound nucleus. This formula must be 
corrected for the possibility that deuterons of 
various angular momenta up to /~R/X may 
enter the nucleus while (7) was derived for zero 
angular momentum of the incident particle ; as to 
order of magnitude, this will correspond to an 
additional factor of about (R/X)* in the cross 
section, yielding 


o9= 29° R*ya7p/yA. (9) 


A is, then, the spacing between nuclear levels of 
given angular momentum. 
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If the emission of particle p is a probable 
process, we may put approximately y,=7 
thereby slightly overestimating oo. Furthermore, 
we may split ya into a factor representing the 
penetration through the potential barrier, Pa, 
and a second factor Ty which would be the 
“deuteron width without barrier’’ (reduced 
deuteron width). It is plausible to assume that 
Iz is somewhat smaller than the spacing A of the 
nuclear levels. We have now 


09> 2? R°P 4 A. (10) 


Now the penetrability of the potential barrier for 
deuterons, Pz, may be calculated in a straight- 
forward way. Assuming the nuclear volume to be 
proportional to the number A of the particles in 
the nucleus, we find for a deuteron energy of 4.5 
MV if the nuclear radius is R=9-10-" cm for 
A =220: 


P,=4-1077, oo=5-10T,/A (11a) 
if R=13-10°"%cm for A=220: 


P,=10", o9=3-1077Ta/A. (11b) 


In the latter case, the observed cross section of 
10-°§ cm? can therefore be explained by the 
plausible assumption I'y=0.03A, whereas, with 
the old nuclear radius, we would have to assume 
the ‘“‘reduced”’ deuteron width Ty to be 20 times 
larger than the spacing of the levels which seems 
very unreasonable. This only confirms the almost 
obvious statement that the Bohr-Breit-Wigner 
theory of nuclear transmutations can only work 
if it is consistently applied, and in particular if 
the nuclear radius is calculated using the same 
theory. 
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Neutron-Proton Interaction: The Scattering of Neutrons by Protons 
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The inadequacy of present theories of proton-neutron 
interaction is shown in work in which 730 proton tracks 
produced by collisions of fast neutrons with hydrogen 
nuclei have been studied and measured to determine the 
distribution-in-angle. The recoils have been observed in 
three gaseous media; hydrogen, ethylene and hydrogen 
sulphide, by the use of a sylphon-type Wilson chamber and 
two cameras mounted in such a way as to give two views of 
each recoil, thus enabling a stereoscopic projection and a 
direct measurement of the angle of scattering to be made 
for each track. In this way it is found that the intensity 
distribution of recoil protons shows a maximum in the 
neighborhood of 25°. The distribution referred to unit 
solid angle in each angle interval exhibits a sharp maximum 
at 0 
contradiction to those who have believed the scattering to 
be of the classical type. Various factors, both geometrical 


in close agreement with the work of Kurie, but in 


1. INTRODUCTION 


HE prominence of the neutron-proton model 

in contemporary nuclear theory invests 
with importance all types of measurement which 
lead to an elucidation of the neutron-proton 
interaction. Among these, the measurement of the 
angular distribution of recoil protons set in mo- 
tion by fast neutrons is of immediate interest as 
it affords a direct test of the presence of the 
“exchange”’ force which is assumed to play a 
fundamental role in the energetics of neutron- 
proton combination. As suggested by Wick, and 
as will be shown later, the ‘‘exchange’’ force 
should manifest itself by the presence of an 
asymmetry in the angular distribution such that 
there is a preferential scattering of the protons 
into the smaller angles. Ordinary collisions, as in 
the case of like elastic spheres, should lead to a 
distribution following the sin @ cos 6 law (@ being 
the angle variable); that is, a chart of the in- 
tensity of scattering as a function of the scatter- 
ing angle should reveal a maximum at 45°. 

The unique properties of the neutron impose 
limitations on the flexibility of scattering experi- 
ments carried out with them. With the experi- 
mental conditions thus far used, the neutron is 
always the projectile, the proton the target. In 
addition, there exists no way at the present time 
whereby a beam of extremely fast neutrons, 


and statistical, which may lead to distortion of the angular 
distribution are cited, and it is shown that their effect is 
taken into account in these experiments, but not necessarily 
in those of the other workers. The contradictions in the 
results reported at present in the literature are assumed to 
arise from these factors. The bearing of the distribution 
found in these experiments on the neutron-proton inter 
action is considered in the light of the modern nuclear 
theories and evidence is deduced for an exchange or some 
other type of interaction at energies lower than predicted 
on the basis of these theories. The mechanism favored by 
both the classical and quantum theories, namely elasti: 
collision of like spheres, is inadequate to explain the 
distribution. The distribution is found to be 
consistent with Fermi’s explanation for the efficiency of 


present 


hydrogen nuclei in slowing fast neutrons, but indicates an 


even higher efficiency. 


homogeneous in velocity, may be obtained. The 
consequent heterogeneity of the velocities used in 
the experiments renders difficult an explanation 
of any deviations from the expected distribution 
which are found. Thus, at present all experiments 
on scattering with fast neutrons must be con- 
sidered as somewhat negative in their bearing on 
the problem, since they serve to show deviations 
from theoretical prediction, but give no unam- 
biguous clue as to the manner in which the theory 
should be changed. 

Since the inception of the work described in 
the paper, rather meager data have been pub- 
lished, most of which are subject to large error 
because of the small number of recoils measured. 
The results are highly contradictory. Thus, while 
Monod-Herzen! and Meitner and Philipp? present 
data which they consider agree with the distribu- 
tion to be expected from the collision of like 
elastic spheres, Kurie*® exhibits data which show 
a marked asymmetry in the small angles, a result 
also found by Harkins and co-workers.*: * Nor 
does it appear possible to reconcile such results 





1 Monod-Herzen, J. de phys. et rad. Feb. (1934). 

* Meitner and Philipp, Zeits. f. Physik 87, 484 (1934). 

3’ Kurie, Phys. Rev. 44, 461 (1933). 

‘Harkins, Gans, Kamen and Newson, Phys. Rev. 47 
511 (1935). 

5 Harkins and Gans, Report to Washington meeting, 
American Physical Society, April, 1935; Abstract in Phys. 
Rev. 47, 795 (1935). 
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as those of Kurie and of Harkins with any of the 
models proposed so far for the neutron.® It is 
hoped that the presentation of the somewhat 
more extensive data collected in this laboratory 
along with an exposition of some statistical and 
geometrical factors which affect these data, as 
well as those already reported in the literature, 
will indicate how such discrepancies may arise. 
This should help to clarify the present status of 
the measurements of angular distribution. 


2. EXPERIMENTAL DETAILS 


The photographs of the recoil protons were 
obtained by means of a Wilson chamber of the 
type described by Harkins, Gans and Newson.’ 
A closely fitting steel piston is sealed gas tight to 
the cylinder wall by means of a brass sylphon 
(cf. Fig. 1). Gas may be withdrawn or introduced 
into both sylphon and chamber proper by means 
of capillary stopcock valves (not shown in Fig. 1) 
and the operation of the chamber is usually car- 
ried out at pressures slightly higher than atmos- 
pheric. In this way, changes in the composition 
of the gas due to chance leakage through the glass 
walls of the chamber or through the piston are 
minimized. Actually, no sensible leakage of this 
sort was found to occur when the chamber was 
properly assembled. The chamber was lighted by 
a discharge from a condenser at 20,000 volts 
through two Pyrex capillaries filled with air at 
about 4 cm pressure. These were placed at the 

® Massey and Mohr, Proc. Roy. Soc. A148, 206 (1935). 

7 Harkins, Gans and Newson, Phys. Rev. 47, 52 (1933). 





focal point of a lens-parabolic reflector arrange- 
ment so that most of the light emitted during the 
discharge was effective in photographing the 
chamber. The general design of the chamber as 
well as the arrangement for lighting is shown in 
Fig. 1. A B-eliminator was used to supply a 
steady 400-volt field across the chamber. In the 
earlier work of this laboratory the gamma-ray 
background was not intense, so the field could 
be removed for the short time of the expansion, 
but with the more powerful source used in the 
later work it was found that the field was required 
during the expansion; otherwise, the gamma-ray 
background became so intense as to render in- 
distinguishable a large number of the proton 
recoils. With gases like ethylene, propane, etc., 
which were tried in an attempt to increase the 
yield, the background became too intense even 
with the field on continually. It was feared that 
some distortion of the tracks by the presence of 
the field would occur, but visual and photo- 
graphic tests showed no appreciable distortion 
for the vast majority of recoils studied. Such 
tracks as appeared to be split or bent by the field, 
especially near the periphery of the chamber, 
were not measured. 

Two views of the chamber at approximately 
73° to each other were obtained by means of two 
cameras mounted rigidly on runways. Eastman 
Supersensitive Panchromatic film was used for 
the later work and Gevaert Safety Motion Pic- 
ture film in the earlier work. The cameras could 
be shifted by means of a double track of steel so 
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Fig. 1. Diagram of assembled Wilson chamber with optical system. C, Wilson chamber; S, sylphon 
compartment; L, cylindrical lens; R, metallic parabolic reflector; D, capillary discharge lights. 
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it was possible to project the two views of the 
recoil track stereoscopically on a semi-trans- 
parent onion skin screen in the ordinary way. 
Thus, an exact reproduction of the recoil as it 
occurred in the chamber was obtained and the 
scattering angle, and range of the proton and 
neutron were measured directly. The center of the 
source was indicated by a pointer free to move 
along any one of the three space axes. In all the 
work, the neutrons were assumed to emanate 
isotropically from the source and the neutron 
path was taken to be a straight line from the 
center of the source to the point of incidence of 
the recoil track. Protons were easily distinguish- 
able from adventitious marks such as might arise 
from scratches on the cover glass, irregularities 
in the background and chance disturbances in the 
gas. All true recoil tracks showed increase in dens- 
ity of ionization along the recoil path, whereas no 
such effect was evident for the scratches. All 
tracks were examined first under a magnification 
of 16 diameters before being projected, so that 
the possibility of a scratch being mistaken for a 
recoil was quite remote. For those tracks which 
ended in the field of the photograph, straggling 
was also in evidence. The effect of stray con- 
tamination was checked by the use of a source 
known to be contaminated; this served as a cali- 
bration of the experimental method, for the 
contamination background was found to yield a 
completely random distribution. In the actual 
experiments with hydrogen, ethylene and hydro- 
gen sulphide, the contamination was found to be 
negligible, about 1 track in 50 expansions being 
observed with no source of neutrons present as 
compared with a yield of 1 in 5 with the source in 
the center of the chamber. Moreover, most of the 
contamination was recognizable since the tracks 
extended along the whole length of the field and 
made improbable angles with the assumed neu- 
tron path. In measuring the scattering angle of 
the recoils, it was assumed that the end of the 
track nearest the source was the point of inci- 
dence. This assumption was borne out by the 
fact that the assumed beginning of each track 
was found to be thinner than its end. 

The measurements to be discussed shortly have 
been separated into two sets, depending on the 
type of source used. In set A which represents the 
earlier work 505 recoils were observed in hydro- 


NEWSON AND GANS 

gen, ethylene, and hydrogen sulphide.* For this 
set the source was a mixed one and consisted of 
salts of mesothorium and thorium X in intimate 
contact with beryllium powder. The powder so 
made was placed in silver capsules which in turn 
were embedded in a platinum vessel 9 mm in 
internal diameter and 3 mm thick to minimize 
the gamma-radiation as much as possible. In 
set B, there are 225 recoils found in hydrogen by 
the use of a source of radiothorium salt (28 mc 
equiv. of Ra) mixed with beryllium powder and 
placed in a spherical soft glass bulb, housed in a 
stainless steel pellet about 1 mm thick so shaped 
as to reduce surge in the gas. These details are 
schematically shown in Fig. 2. Some polonium 
and radon sources were available but proved to 
be too weak. Placement of the source at one side 
of the chamber reduced the yield too drastically 
to make it advisable to take advantage of the 
extra accuracy gained by the longer neutron 
path. It was felt that the center of the chamber, 
offering as it did the most symmetrical disposi- 
tion of the source, was the best position for the 
source, since it renders less probable multiple 
scattering by the glass walls, cover glass and 
steel bottom of the chamber. In all, about 9000 
photographs were examined. 

Details of the synchronization of the lights 
with the expansion, mechanics of the expansion, 
adjustment of the expansion ratio and shutters, 
circuit for the high voltage necessary to discharge 
through the lights, etc., have been omitted since 
they are fully described in the report by Harkins, 
Gans and Newson.’ 


3. DATA ON PROTON-NEUTRON SCATTERING 


A complete discussion of the data obtained as 
described in the previous section must contain a 
thorough treatment of all factors in the experi- 
ments which tend to introduce distortion of the 
true distribution sought. Tables I and II exhibit 
the complete numerical results of the measure- 
ments of the angle of scattering. The numbers 
shown give the percentages of proton recoils 
found in the various angle intervals which 
throughout this work have been taken in steps of 
10°. In Table I, the recoils have been classified 





§ Harkins, Gans, Kamen and Newson, Phys. Rev. 47, 


511 (1935). 
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Fic. 2. (a) Source for recoils of set A. P, platinum wall; 
S, silver vessel for radioactive mixture R; W, seal of Wood 
metal. (b) Source for recoils of set B. G, soft glass bulb 
for radioactive mixture R; E, sealing wax; 7, stainless 
steel wall. 


according to the medium in which they were 
studied. The set A recoils include 287 in ethylene, 
139 in hydrogen, and 79 in hydrogen sulphide, 
505 in all. The set B recoils were all obtained 
in hydrogen and number 225. Thus 730 recoils 
have been observed in order to obtain the distri- 
bution shown in Fig. 3. It will be seen that a 
marked asymmetry exists in the small angles. 
The agreement between the results as found for 
the various media studied in the case of the set A 
recoils as well as the agreement of the summed 
results of set A with those of set B is strong evi- 
dence that the asymmetry observed is intrinsic 
in the angular distribution of the recoil protons. 
In order to facilitate comparison with the work 
of Kurie, with which these data are in striking 
agreement, the percentage scattering intensity as 
given in Table I, has been referred to unit solid 
angle subtended by. each angle interval and the 
numbers thus determined are exhibited in Table 
II together with the results of Kurie. A plot of 
the data of Table II is given in Fig. 4. The re- 
sults check well within experimental error, with 
the exception of the ordinates at 45° and 55°; at 
these angles our work gives a curve which is the 
smoother. 

At these points the normal deviation of Kurie’s 
results is in the neighborhood of 30 percent so 
that the discrepancy cannot be regarded as 
serious. The set B recoils are to be regarded as 
the data most worthy of confidence since they 
were picked in such a way as to render nonexist- 
ent certain geometrical factors which might have 
distorted the distribution found for the recoils of 
set A. Moreover, the source used in the set B 


measurements had only half the diameter of the 
source for the set A recoils. Hence, the accuracy 
with which the angle could be measured was ap- 
proximately twice as high in the case of set B as 
compared with set A. The agreement in the data 
obtained in both cases shows that no great dis- 
tortion took place even when no great care was 
taken to insure against it. This must be regarded 
as good fortune and should not be taken to mean 
that neglect of the factors to be discussed shortly 
is permissible. 

Some criticism may be leveled against the re- 
sults obtained for ethylene because of the pres- 
ence of carbon nuclei which could superimpose a 
false distribution. To check this source of error, 
all recoils which might be carbon (less than 9 mm 
long) were segregated and plotted separately. 
The resulting curve for carbon showed no serious 
deviation from the distribution found for the 
main body of data so that the effect of carbon 
recoils was thus shown to be negligible. In the 
case of the hydrogen recoils of set A, some fear 
was occasioned by the possibility that distortion 
of the tracks which originated near the source 
was being brought about, partly by surge of the 


TABLE I. Proton scattering in various gases. Percent scattering 
into interval Aé. 


Recoils in 
Angle Recoils in Recoils in hydrogen 
interval hydrogen ethylene sulphide \verage 
Set A 

0°— 10 12.0 13.2 14.6 13.2 
10°— 20 19.7 19.0 17.7 18.9 
20°— 30 19.2 19.1 18.5 19.0 
30° 40 14.6 154 | 13.0 14.6 
40°— 50° 12.0 11.7 | 12.4 11.9 
50°— 60 7.3 91 | 99 8.8 
60°— 70° 7.0 | 5.6 6.4 6.2 
70°— 80 4.0 3.6 4. 3.9 
80°— 90° 2.8 1.8 3.0 2.4 
90°—100° 1.4 0.8 0 0.8 
100°-110 0 0.4 0 0.3 


Set B. Proton recoils in hydrogen 


0°— 10° 8.4 
10°— 20° 16.9 
20°— 30 19.8 
30°— 40 17.8 
40°— 50° 14.0 
50°- 60° 9.6 
60°— 70 6.5 
70°- 80° 40 | 
80°— 90° | 2.0 
90°-100° 10 | 
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Fic. 3. Angular distribution of recoil protons. The ordi- 
nates Nag are the average intensities in the angle intervals 
Aé@ which throughout the work have been taken in steps 
of 10°. 


gaseous medium and partly by condensation of 
water on the source. A similar treatment of such 
tracks as that described in the case of the short 
tracks in ethylene showed no sensible departure 
from the general nature of the results as a whole. 
Fig. 5 shows the data of ethylene and hydrogen 
in set A plotted in this way. The values of the 
ordinates were arrived at in a manner to be de- 
scribed in the discussion of the data that follows. 


4. DISCUSSION OF DATA 


To be comparable with theory, the determina- 
tion of variation of intensity of scattering with 
angle must be carried out in an experimental sys- 
tem free from distortion, and the number of re- 
coils studied should be sufficient to constitute a 
satisfactory statistical sample. In actuality, 
geometrical factors are always present which 

TABLE I]. Percent scattering into angle interval per unit 


solid angle. The data for set B are supposed by us to be 
more accurate than those of set A. 


Angle interval Set A recoil Set B recoils Kurie’s data 
0° 10 44.9 33.6 27.0 
10°— 20 21.7 22.8 18.6 
20°— 30 13.3 16.3 15.5 
30°— 40 7.5 10.8 10.7 
40°— 50 5.0 6.9 13.2 
50°— 60° 3.2 4.1 11.3 
6°— 70° 2.0 2.5 2.1 
70°— 80 1.2 1.5 1.6 
80°— 90 0.7 0.7 0 
90°—100 0.3 0.2 0 
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subtended in each angle interval. 


may lead to fallacious results and no investiga- 
tion can be considered complete without a care- 
ful analysis of the way in which they affect the 
experimental results. Neglect of this fact together 
with the study of too few recoils can lead to ap- 
parently highly contradictory results. It would 
seem that such is the situation with regard to 
measurements of the angular distribution of 
proton recoils from fast neutrons. 

In the ideal case, a system may be contem- 
plated in which a central point source emanates 
fast neutrons isotropically into a homogeneous 
medium at any point of which a proton recoil may 
arise. All points in such a space will be such that 
the recoil may proceed in any direction with re- 
gard to the incident neutron. By reference to 
Fig. 6, it is readily ascertained that in the cloud 
chamber as actually assembled such points in the 
gas are of this type except those near the source, 
top and bottom of the chamber. These should be 
excluded on account of the fact that at such points 
a recoil will track be interfered with, since it can 
be observed only in certain preferred directions. 
Hence, only recoils which originate reasonably 
far from the source and in the gas proper can be 
taken for measurement if a true distribution is to 
be attained. In the study of the set B recoils, such 
a procedure has been followed, since no recoils 


were measured which originated very near the 
top or bottom. Nor were any chosen which 
started less than 20 mm from the source. The 
results must then be considered free from most 
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of the geometric distortion which may arise from 
the presence of the source and the boundary 
regions of the chamber. To further investigate the 
nature of such an effect, attention is again called 
to Fig. 6. As in the conditions of the experiment, 
the center of the source is in the geometric center 
of the chamber at the moment of expansion. 
Consider the case in which a neutron which 
proceeds from the source gives rise to a proton 
recoil at the point P. The recoil will be free to 
move off at an angle in or out of the horizontal 
plane of the chamber. Such a recoil will then satisfy 
the conditions stated above. However, suppose 
the neutron proceeds to the point P’ at the top 
(or bottom) of the chamber. It is obvious that the 
recoil will be allowed to go off only toward the 
surface of the hemisphere which is below the top 
of the chamber. At the bottom this will be above 
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Angie of Scattering 
Fic. 5. Angular distribution of proton recoils in ethylene 
and hydrogen of set A. The ordinates in this figure have 
been chosen for convenience to be about fifty times as large 
as those of Figs. 3 and 4. They are not converted to parts 
per hundred since only the shapes of the various curves 
are to be compared. 
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Fic. 6. The shaded portions of the semicircles represent 
the regions in the space of the chamber which are open 
to proton recoils at the points P and P’, It is seen that at 
any point P removed from the top or bottom of the 
chamber, there is no discrimination against any angle of 
scattering whereas at the point P’ the short angles are 
discriminated against because of the presence of the top 
and bottom. 


the bottom of the chamber. For identical spheres 
according to the classical theory, all proton re- 
coils will be included in the hemisphere whose 
base is a plane perpendicular to the initial path 
of the neutron and which passes through the 
point of impact. Obviously, the hemisphere lies 
beyond this plane in the direction of the initial 
velocity of the neutron. 

Thus, the top (or bottom) of the chamber will 
prevent the occurrence of all proton recoils from 
neutrons which have velocities directly upward 
(or downward) when the impact occurs first at 
the surface of the top (or bottom). At any other 
point on the surface, the recoils observed can lie 
only in the shaded section of the hemispheres. 
This means that only the larger angles of proton 
recoils can be observed, since all of the smallest 
angles are excluded. 

Since the data of set A were calculated without 
attention to this fact, and since this error was 
avoided in the observations of set B, it is im- 
portant to compare the distribution given by the 
two sets. If the error in the distribution given by 
set A due to this cause is of significance then the 
angle of maximum scattering found for set A 
should be shifted toward a larger value than that 
for set B. The data for Table I show conclusively 
that this is not true. Therefore it may be con- 
cluded that this error as introduced into the 
scattering exhibited by the data of set A is not 
appreciable. 

Another error is introduced by the inclusion of 
impacts which lie too close to the top or bottom. 
A proton in such an impact may be scattered at a 
small angle, strike a nucleus in the solid material 
of the boundary region and be deflected back into 
the chamber. Obviously, measurement of such a 
recoil will give an angle larger than the true angle 
of scattering. 
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lic. 7. Representation of the error da due to finite width 
of the source. CP, neutron path; PR, track of recoil proton, 
« measured angle of scattering; C, center of source. 


It should also be noted that the presence of an 
error of this type would be such as to give an 
apparently better agreement with modern theories 
than would be justified. 

The finite size of the 
second factor which may lead to distortion of the 
data. In the present set of experiments the source 
was a small sphere placed so that its center cor- 
responded very closely with the geometric center 
of the cloud chamber. From Fig. 7 it will be seen 
that measurement of angle involves a 
systematic error due to the finite width of the 
source and that this error becomes progressively 
smaller as the neutron path becomes longer. 
Thus, if a recoil is found to make an angle of a 
degrees with the incident neutron, the associated 
error being da, the recoil must be considered to 
have arisen in the interval (line) a+éa, and not 
at the point a, in a determination of the number 
of recoils scattered into any angle interval Aé. 
The procedure adopted in obtaining the ordinates 
of Figs. 3 and 4 is illustrated in Table III. Ten 
representative tracks taken from the recoils of 
set B are tabulated in the data at the head of the 
diagram. These recoils are then plotted as chords 
on the N—8@ chart, the length of the chord being 
given by the error da calculated from the known 
radius of the source and length of the neutron 
path. Each such line is given the value of one 
track. If a line occurs with 3/10 of its length in 
the interval between say 0° and 10° it is counted 
as 3/10 of a track. This is dependent on the as- 
sumption that the neutron has a constant prob- 
ability of origin at any point inside the spherical 


source constitutes a 


every 


region which contains the source.°® 

Some chords will lie entirely in the interval 
16, others will contribute only a fraction. What- 
ever is found in any interval is added to give the 
ordinate Na». These ordinates are then summed 


*Other assumptions such as Maxwellian distribution 
around the source center have not been found to give 
appreciably different values. 
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and each Ny» expressed as a fraction of the total 
N(=eNae). These are the numbers exhibited in 


the tables given at the beginning of this report 

It must now be ascertained whether this method 
of weighting the data has introduced extraneous 
peaks in the distribution curve. It is evident that 
an accidental piling up of ‘“‘good”’ tracks (i.e 

short chords) in any one interval A@ will cause 
too high a value of Nag. If the choice of tracks 
has been made perfectly at random with respect 
to the length of neutron path no such dis- 
proportionation will occur. Hence, a method of 
checking the weighting method will also give in- 
formation as to the randomness of the occurrence 
of tracks throughout the chamber. The simplest 
test which has been found consists in reweighting 
the data, assigning the value of unity to each 
chord regardless of whether the chord occurs en- 
tirely in the interval A@ under consideration or 
not. In this way, one recoil may count as many, 
one for each interval into which its representative 
chord may extend. The numbers thus obtained 
by this method of addition are denoted by N4,’ 
(cf. Table III). If no disproportionation has oc- 


TABLE III. Method of obtaining intensity numbers Nag and 
checking weighting and randomness in data by means of k. 


of; 


x 





| 2 
A chord entirely in one interval A@ (as d in 0°-10°) counts as 1 
Thus, 
Noe.w° = 78 1 43/66 1 1 27/94=4.8, 
N’o°_w° = 1 1 1 1 1 1 =6, 
and 
Nw°_m° =59/78 1 1/8 23,66 1/2 67/94 55/70=4.2 
N’0°_w° = 1 1 1 1 1 1 =7 
Hence 
Ro®_10° = No®_10°/ N’o°_1w0° = 4.8/6 -=0.80. 
Likewise, 


kio°_20° = 4.2/7 =0.60. 
As more tracks accumulate in the various intervals, the k's approach 
constancy prorided the tracks occur at random throughout the chamber 
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curred, the numbers V4,’ must be linearly related 
to the numbers N4¢ by a factor k= N/ N’ constant 
for all intervals. Deviations of k from constancy 
indicate deviations from complete randomness. 
The values of k should be more constant the 
greater the number of tracks measured. In this 
manner, some knowledge of the statistical nature 
of the data may be obtained. When & shows no 
deviations greater than experimental error (ca. 
5-10 percent) the randomness of the tracks as 
regards the length of the neutron path is estab- 
lished and the number of tracks for which this is 
true constitutes a “‘sufficient’’ number to give a 
satisfactory statistical sampling, assuming that 
the azimuthal distribution is also random. The 
values of k determined for the data of sets A and 
B are shown in Table IV. The mean values of k 
have been calculated and the numbers N 4» re- 
determined multiplying the various numbers 
Nae’ by the average k. The ordinates Nae ob- 
tained in this way represent the most probable 
values within experimental error and are to be 
considered as the final values for the intensity of 
scattering in the various angle intervals Aé@. It 
will be noted that for all data of set A, & is high 
for the interval 0°-10°. This shows that this par- 
ticular value is somewhat too high, as is borne 
out by the more accurate value given by the re- 
coils of set B. For purposes of comparison, the set 
B results should be considered the norm, as the 
accuracy is greater than in set A by approxi- 
mately a factor of 2. This may be seen from the 
relative values of k for the two classes of data. 


TABLE IV. Values of the constant k. 


Hydrogen} 
sulphide | Set A | Hydrogen 





Angle interval | Hydrogen} Ethylene 














0-- 10° | 0.42 0.44 | 0.24 | 0.38 0.54 
10°— 20° 36 | .39 19 34] «50 
20°- 30° 33 38 | .18 33 55 
30°- 40° |  .31 30 18 | .28 45 
40°- 50° | .27 34 | 15 .28 .50 
50°— 60° .36 Al 16 32 A7 
60°- 70° .26 32 A7 .26 48 
70°- 80°* | .39 46 14 ae A7 
80°- 90°* | .30 35 .10 .26 53 
90°-100° * 18 65 42 25 
100°-110° * - 53 — .53 — 
Average | 0.33 0.38 0.16 | 0.32 | 0.50 











* Large deviation of & in these intervals are not to be regarded as 
serious since so few recoils occur in them. 
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Fic. 8. Azimuthal distribution found for recoils of set B. 
Each concentric division reading outward from the center 
represents an increase of 10° in the azimuthal angle. The 
plot is a projection of the actual azimuthal distribution 
which would be observed at the surface of a sphere with 
the neutron source as center (as discussed in the text). 


Figs. 3 and 4 have been drawn so that the points 
of set B determine the curve. It must be empha- 
sized that distortion of the measurements of 
angle occurs if the finite size of the source is 
neglected. It does not arise from any method of 
weighting the data as long as a sufficiently 
random sampling of recoils is studied. 

It was found in the course of the work that the 
distribution varied with the number of recoils 
studied until about 150 had been measured. After 
this number had been attained the distribution re- 
mained practically invariant. It is obvious that 
such an effect is due to statistical fluctuations 
which may be quite large for small numbers of 
recoils studied. Results based on a small number 
of recoils are meaningless unless they represent a 
satisfactory statistical sample. This must be 
demonstrated both by careful scrutiny of the 
effects so far described as well as those to be dis- 
cussed now. 

Among these, the determination of the azi- 
muthal distribution is extremely important. If 
the tracks are not distributed uniformly in 
azimuth for all angle intervals A@, effects analo- 
gous to projection of a sphere on a plane will 
become operative and lead to a false distribution. 
If the plane of the chamber is taken for measure- 
ment and all others excluded a correction for the 
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loss in azimuth thus occasioned must be intro- 
duced. Such a correction is dependent on the ex- 
perimental conditions. Kurie has adopted such a 
procedure in order to avoid such effects as might 
arise from contamination, the boundary region 
distortion, etc., and has made such a correction; 
a perusal of his report shows that this particular 
correction is contained implicitly in his conver- 
sion of data to unit solid angle. The workers on 
the continent do not mention any effort to check 
either the effect due to the source size or asym- 
metric azimuthal distribution, both of which may 
be important in their case since their results are 
based on such a small number of recoils. The 
azimuth of all recoils in set B has been measured 
and Fig. 8 gives a schematic presentation of the 
results. It will be seen that the distribution shows 
no appreciable preference fer any plane, even the 
horizontal plane of the chamber. It is thus shown 
that the data as presented in Figs. 3 and 4 are 
satisfactorily random both in azimuth and with 
respect to the length of the radius vector (neutron 
path) from the source center. 

A further check on the satisfactory statistical 
nature of the data is afforded by the occurrence of 
more than one track in a photograph. Occa- 
sionally two are found to occur, and very rarely, 
three. The number of such double events should 
bear the same relation to the number of single 
events as the latter does to the total number of 
photographs taken. Thus, in the case of the set B 
recoils 4160 photographs were examined. Two 
hundred and twenty-five recoils occurring singly 
were found, that is, one such recoil occurred every 
18 photographs. On this basis, there should be 
225/18 or 13 double events; 15 were found. To 
extend the same argument to triple events would 
not be justifiable in view of the extremely small 
number to be expected in 4160 photographs. 
Nevertheless agreement has also been found for 
the case of the triple events. There should be 
4160/(1818X18) or about 1; 1 such triple 
event was observed. The three criteria (constancy 
of k, azimuth, occurrence of multiple events) out- 
lined thus far together with the observation that, 
after measurement of 150-200 recoils, the distri- 
bution became invariant to the number of recoils 
studied make it appear quite certain that the 
distribution presented in Figs. 3 and 4 is based on 
a sampling of data which is satisfactory statisti- 
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cally. This coupled with the demonstration that 
no distortion from geometric factors is present 
argues strongly that the intrinsic nature of the 
angular distribution of proton recoils from neu- 
trons in the energy range determined by the 
sources used (ca. 1-8 Mev) is as given in this 
report and in the report by Kurie. 

The one factor which is still unaccounted for is 
the presence of multiple scattering. An appreci- 
able amount of this would nullify all the results 
given above, since it has been assumed that the 
neutron proceeds in a straight line from the 
source in order that the measurement of the 
angle of recoil be made possible. It is doubtful 
whether much multiple scattering occurs ap- 
preciably in this cloud chamber. If such were the 
case, there should be a large number of recoils at 
angles larger than 90°. Actually only 11 such re- 
coils have been discovered throughout the whole 
duration of this investigation. This effect of 
multiple scattering was made smaller as com- 
pared with our earlier work, by making the glass 
top of the chamber as thin as possible. The 
general effect of multiple scattering would be to 
increase the number of recoils at large angles, 
which would tend to make our curve of scattering 
conform more to the theoretical than it would 
otherwise. It seems therefore that the presence 
of some multiple scattering cannot offer any 
explanation of the small angle of proton scatter- 
ing which we observe. 


Conversion of data to unit solid angle 

Before proceeding to the final section in which 
the theoretical background of the present re- 
search is discussed, it is appropriate to insert some 
comment concerning the plot of unit solid angle 
given in Fig. 4. Some confusion seems to exist in 
the literature in regard to the way in which the 
conversion of data to a form suitable for a plot 
referred to unit solid angle is affected. Thus, 
Kurie remarks that the work of Monod-Herzen 
cannot be compared directly with his own be- 
cause it has been obtained from a study of recoil 
protons distributed at random throughout the 
chamber, and in such a case the meaning of the 
solid angle subtended in any angle interval A@ is 
hazy. To clarify this point, it is necessary only to 
consider a sphere with the point of impact be- 
tween the neutron and proton as the center (as at 








lat 
nt 


he 


u- 
he 
lis 














NEUTRON-PROTON INTERACTION 989 


point P in Fig. 6). From this point, a proton re- 
coil may proceed in any direction to the incident 
neutron. Imagine a plane passing through the 
point of impact and perpendicular to the direc- 
tion of the neutron. To obtain the azimuthal 
angle of the recoil, it is required merely to pro- 
ject the point at which the recoil passes through 
the surface of the sphere on to this plane. This 
procedure may be repeated for all the protons, 
yielding a plot of the kind shown in Fig. 8. Like- 
wise, the solid angle 2 subtended in any interval 
Aé will be given by the usual formula, i.e., 


Q=27(cos 0:—cos 02); 62>60, and A@=6.—4, 


since all the spheres may be translated to the 
origin and the point of impact imagined to have 
been at the origin. This procedure is permissible 
since the angle of scattering is changed in no way 
by such a translation. In obtaining the azimuthal 
plot of Fig. 8, the recoils and their associate 
spheres were all referred to a plane perpendicular 
to the line joining the two cameras and passing 
through the source, since the choice of such a 
plane is arbitrary and this particular plane was 
most convenient for reference. Such a choice 
necessarily involved a rotation as well as a trans- 
lation of most of the spheres to the particular 
axis of neutron path determined by the line per- 
pendicular to the reference plane at the source, a 
procedure which in no wise changed the meas- 
ured angle of scattering and so was permissible 
also. 

Of course, these considerations are true only 
if all the conditions described in the previous 
section are satisfied. Since this has been shown to 
be the case, the data as collected in these experi- 
ments are identical with the ideal case in which 
the protons all originate at the source and consti- 
tute a bundle of tracks around the neutron beam. 
Hence, the conversion of the observed data as in 
Fig. 3 to those of Fig. 4 is accomplished merely by 
dividing the Ny»’s of Fig. 3 by the respective 
fractions of solid angle subtended in each Aé. 

Thus, the disagreement between the data of 
Kurie and those of Monod-Herzen is real. It is 
not the result of any indeterminacy in the solid 
angle but arises in all probability from the pres- 
ence of some of the factors given in the discussion 
of the data. 


5. THEORETICAL ASPECTS 


A proper evaluation of angular distribution 
data is not attainable without a brief review of 
the present theories concerning the mechanism 
whereby neutrons are scattered by protons. The 
production of slow neutrons which is experi- 
mentally controllable to an extent not at present 
possible with fast neutrons lends this particular 
phase of the nuclear problem special interest. 

It is universally assumed that the mechanism 
to which the slowing and scattering of neutrons 
by hydrogenic media is attributable is for the 
most part a process similar to that operative in 
the elastic collisions of identical spheres. Thus, 
only a very small effect on the scattering of the 
“exchange” type for the energy range in which 
the experiments are performed is postulated by 
present day theorists. At very high energies, 
interaction becomes all-important and in the 
present theory is considered analogous to the 
forces associated with the presence of the so- 
called ‘“‘exchange’’ integral that arises in the 
quantum-mechanical treatment of the hydrogen 
molecule ion. Before sketching the recent treat- 
ment of the scattering problem as developed 
by Bethe and Bacher” the picture of the colli- 
sion process according to the simpler view of 
classical mechanics will be considered. It may 
be supposed that the center of gravity (B) be- 
tween the neutron and proton is fixed. Thus, to 
an observer at the center of gravity the two par- 
ticles, identical in every respect, approach from 
diametrically opposite directions in a line fixed 
by the points A, B and C (Fig. 9). The velocity 
for both particles will be one-half that observed 
for the neutron moving toward a stationary pro- 
ton, as in actual experiment. The relative veloc- 
ities for incident and scattered particles are 
shown vectorially in Fig. 9. The condition that 
the center of gravity be stationary requires that 
the sum of the scattering angles be 180°. To 
determine the law of intensity distribution at 
various angles for the scattered protons as de- 
sired for comparison with experiment, advantage 
is taken of the fact that the distribution is iso- 
tropic in solid angle with respect to the coordinate 
system with center of gravity fixed. Thus, the 
number of neutrons dN, scattered into the inter- 


10 Bethe and Bacher, Rev. Mod. Phys. 8, 82 (1936). 
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val dé, at an angle @, is given by 
dN, =const. X sin 6,d9,,. 


Likewise, the number of protons dN, which ap- 
pear in the interval d@, is given by 


dN,=const. Xsin 6,40, 


since for every neutron in dé,, there is a proton 
in d6,. 

The photographs of the hydrogen recoils refer 
to a system in which the center of gravity of the 
two particles has a velocity in the forward direc- 
tion which is one-half the initial velocity of the 
neutron. The treatment given above refers to the 
center of gravity at rest. To transform this into 
the system with the center of gravity in motion, 
it is only necessary to add the vector which gives 
the velocity of the center of gravity (Fig. 9). 
If » denotes the angles of recoil in the experi- 
mental coordinate system, it is found that 


= — 
¢p=}0,, and gpt¢n=7/2. 


Hence, the desired result is 


dN,=const. Xsin 2¢,d¢p 
=const. XSiIN gp COS Yl gp. 


Thus, Fig. 3 should show a somewhat flat maxi- 
mum at 45° with a symmetrical dropping off 
toward 0° and 90°. In Fig. 4, the curve should 
give the appearance of a cosine function since 
the distribution in unit solid angle for each angle 
interval dg, is found by dividing the expression 
derived for dN,/dg, by sin ¢, in each interval 
dg». No such behavior is exhibited, however, 
since both curves show a marked asymmetry in 
the small angles, an effect which may be at- 
tributed to the presence of the exchange type of 
interaction. 

The way in which an interaction between nehe 
tron and proton of the type postulated in tu- 
recent theories may affect the angular distribu- 
tion has been studied in some detail by Bethe and 
Bacher.'° These authors have shown that if 
Wigner’s explanation for the anomalously bind- 
ing energy of the alpha-particle as compared to 
the deuteron (i.e., a deep narrow potential hole 
for the interaction function of the neutron and 
proton) is accepted, then the differential cross 
section for the scattering of neutrons by protons 
should be given mainly by the calculation of the 
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Fic. 9. Vector diagram showing relationship between 
coordinates in system with center of gravity B fixed and 
system in which recoils are observed (i.e., with center of 
gravity in motion). AB, path and velocity of neutron in 
system with center of gravity fixed; CB, path and velocity 
of proton in same system; BE and BD, corresponding 
vectors for scattered neutron and proton, respectively; 
6, and @,, scattering angles of neutron and proton with 
center of gravity at rest. By adding the motion of the 
center of gravity (EG=DF) to the vectors for the neutron 
and proton, the observed paths and velocities are obtained. 
Thus, BG and ¢, are the observed velocity and scattering 
angle for the neutron, BF and py, like quantities for the 
proton. (Note that if V be the incident velocity of the 
neutron in the observer's system, then AB, CB, BD, BE, 
EG, DF, are all equal to }V.) 


zero-order phase constant do in the expression for 
the cross section do as derived by Mott and 
Massey" 


T 
—| 50 (21+1) P.(6)(e**!—1) |? sin 648, 
2k? i 


do= 


where P;(@) are the familiar Legendre polyno- 
mials, / is the running index which may take all 
integral values, and the other symbols represent 
constants. This conclusion which leads to a result 
no different from that derived from classical 
theory is supposed by Bethe and Bacher to be 
true when the energy of the neutrons does not 
exceed twenty million electron volts. Hence, ac- 
cording to the present quantum theory, no 
marked asymmetry of the kind found in these 
experiments should be evident. The expression 
for the differential cross section de when 4, is 
taken into account as well as 49 is found by 
Bethe and Bacher to be 


2a 
do= (—) sin? 69(1+64, cot 59 cos @) sin 6d@, 


where 6,;= —(1/18)u(xa)* (hence is always nega- 
tive) and cot d9= —a/k+(a’+k*)a/2k (@ is the 
angle of recoil in the system with fixed center of 
gravity). 


4 Mott and Massey, Theory of Atomic Collisions (Oxford 
Press, 1935), p. 24. 
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Here, uw is a constant of order unity, a the 
“radius” of the deuteron, « the reciprocal of the 
“wave-length” of the neutron X, and @ and & are 
functions of the deuteron binding energy, e, and 
kinetic energy of the neutron, E. Specifically, 
a=(Me)'/h and k=(ME)'/h, M being the re- 
duced mass of the neutron-proton system and h 
Planck's constant. (It is to be noted that the bar 
indicates division by 27. Thus h=h/2r.) 

For high neutron energies (k small) the formula 
shows there will be preferential scattering of the 
neutrons backward into large angles which will 
be observed as a forward scattering of protons. 
The data of this paper as well as those of Kurie 
seem to indicate that such an effect is appreciable 
at energies much lower than predicted by the 
present theory. It must therefore be concluded 
that the data are at variance with the theory. 

It is of interest to examine the way in which 
present data affect the mechanism given for the 
production of slow neutrons. A direct calculation 
shows that the most probable energy lost by a 
neutron in collision with a proton (assuming 
elastic collision and the observed distribution) is 
seven-tenths of the initial energy of the.neutron 
as contrasted with the estimate of five-tenths if 
the collision is of the identical sphere type. Thus, 
these experiments indicate that protons are more 
effective than has been supposed in slowing down 
neutrons; i.e., a two-million-volt neutron will re- 
quire about 8 collisions to lose all but two hundred 
electron volts on the basis of the present data, 
whereas 13 would be required if the billiard ball 
type of collision is assumed. Such a discrepancy 
is not sufficient to affect greatly the arguments of 
Fermi in regard to the effects observed in the ir- 
radiation of various substances by slow neutrons. 

The lengths and angles of the proton tracks in 
the Wilson chamber indicate that about 25 per- 
cent of the neutrons used in this work had veloci- 
ties represented by energies between 10° and 10° 


e-volts. A practically identical neutron source 
gave energies up to 14 or 15 million e-volts. A 
curve of distribution of velocities of those neu- 
trons which disintegrate nitrogen nuclei is given 
in an earlier paper from this laboratory” and 
shows a peak in the number distribution at 
6X 10° ev. However, the peak for scattering is at a 
somewhat lower energy. Many more neutrons of 
very high energy are given by our radiothorium 
source than are emitted from the polonium source 
of the other investigators. 


Note added in proof: The lowest range of the protons 
found in hydrogen at normal temperature and pressure in 
this work is one centimeter. The smallest proton range 
which is observable is 2 mm, which according to Blackett 
and Lees corresponds to about 23,000 volts. To produce a 
proton recoil at 45° which is 2 mm long requires a neutron 
and energy 23,000/cos* 45°, or about 50,000 volts, while 
at 65°, 130,000 volts is required. Since no neutrons of 
energy less than 37,000 volts were found in this work it 
seemed probable that no distortion of the distribution 
curve would occur, except at angles greater than 65°. 
Thus a peak of 45° should not be obscured. However, since 
the results of this work are in such discord with the present 
ideas of theorists the data will be recalculated and the 
results presented in a later note. In recalculations all 
protons of forward range less than 150 mm, and at any 
other angle a proton range which is less than that given 
by a neutron of the energy required to give a forward 
range of the proton equal to 15 mm in hydrogen, will be 
discarded. If there is any appreciable error in the results 
on scattering as presented in this paper it seems probable 
that it is due to the heterogeneity of the velocities of the 
neutrons. 

The writers wish to thank Professors Lunn, Hoyt and 
Eckart of the University of Chicago, and Professor Bethe 
of Cornell for suggestions concerning the treatment of the 
data. We are indebted to the Penrose Fund of the American 
Philosophical Society, and to grants from funds of the 
National Academy of Sciences for a part of the apparatus 
and the radioactive source used in connection with this 
and other nuclear problems. 


2 Harkins, Gans and Newson, Phys. Rev. 44, 534 
(1933 ). 
8 Blackett and Lees, Proc. Roy. Soc. 134, 684 (1932). 
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Self-recording, constant pressure, argon-filled electroscopes sent into the stratosphere by 
sounding balloons at San Antonio, Texas, mag. lat. 39°N, yielded accurate readings of cosmic- 
ray intensities up to an altitude 98.3 percent of the way to the top of the atmosphere, where 
the pressure is but 12.9 mm of Hg. The ionization within these electroscopes passes through a 
definite maximum at 47.6 mm of Hg and falls 22 percent in rising to where the pressure is 12.9 
mm of Hg. These results, combined with similar accurate measurements on the variation of 
cosmic-ray intensities as a function of latitude, both at sea level and at altitudes of 22,000 feet, 


indicate (1) that atmospheric cosmic-ray ionization is not produced in appreciable amount by 
incoming protons, and (2) that the Oppenheimer-Bethe-Heitler law of nuclear absorption is not 


valid for incoming electrons of a few billion e-volts of energy. 


$1. THE PROBLEM 


LL cosmic-ray measurements at altitudes 

above those that can be reached by aero- 
planes or by manned balloons have suffered from 
the limitation that though the rate of discharge 
of electroscopes at the highest altitudes attain- 
able is in general of the order of 200 times that at 
sea level, yet we who have used this method 
(Bowen and Millikan! and Regener*) have been 
obliged to get our rates of discharge at all 
altitudes, low or high, from one single discharge 
of the electroscope spread over the whole time of 
ascent, or even ascent and descent. This means 
that if the electroscope has a sensitivity suitable 
to reasonable accuracy at high altitudes it is 
altitudes; and if 
and 


practically useless at low 
adjusted to give good readings at 
intermediate altitudes it discharges almost in- 


stantly at high altitudes and hence yields no 


low 


useful record at all. 

The Neher electroscope, which charges up 
automatically from a battery, say every five 
three or four-hour flight, 
multiplies the 


minutes during a 
eliminates this difficulty and 
dependability of the measurements themselves 
that are involved in the determination of the 
shape of the whole cosmic-ray, altitude-ionization 
curve by the number of such rechargings taking 
place during the flight, i.e., by practically forty- 

* At the date of publishing at Williams College, Massa- 
chusetts 

Bowen and Millikan, Phys. Rev. 43, 695 (1933); 44, 
246 (1933); also Bowen, Millikan and Neher, Nuclear 


Physics (Cambridge University Press, 1934), p. 221. 
? Regener and Pfolzer, Physik Zeits. 35, 782 (1934). 


fold in a three and a half-hour flight. Of course 
the fluctuations that are inherent in the rays 
themselves are quite beyond such control. The 
high altitude work done with the Neher electro- 
scope in aeroplane and manned balloon flights is, 
then, very dependable up to the altitudes reached 
(62,000 ft. in the Fordney-Settle flight*), but for 
the higher reaches of the atmosphere we have 
up to the present had no way of repeatedly 
charging the detecting electroscopes for the 
reason that the weight involved precluded the 
carrying up of a three or four-hundred-volt 
battery. Two years ago, therefore, in the Norman 
Bridge Laboratory, Neher and Haynes went at 
the problem of trying to make condensers of 
sufficient lightness, electrical capacity and free- 
dom from leakage to enable them to replace 
batteries as recharging sources. These condensers 
were tried out in August, 1935, in flights made by 
Millikan and Neher in collaboration with Colonel 
Prosser and the staff of the Signal Corps of the 
U.S. Army at Fort Sam Houston, San Antonio, 
Texas, but because of the imperfections both of 
the condensers and the balloons used no records 
higher than to 45,000 feet were then obtained. 
By July, 1936, however, the foregoing weak- 
nesses had been so completely eliminated that 
condensers of practically infinite capacity (10,- 
000 cm) with respect to the capacity of the 
electroscope system could be used for three hours 
under the severe conditions existing in a strato- 


3’ Bowen, Millikan and Neher, Phys. Rev. 46, 650 (1934). 
The Stevens-Anderson 1935 flight reached 72,000 feet but 
unfortunately no electroscopes were taken up in the 
gondola. 
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sphere flight without a leakage of more than 
one-half percent per hour. Also, the new balloons 
made by the Dewey and Almy Chemical Com- 
pany of Cambridge, Mass. proved to be pecu- 
liarly well adapted to obtaining very dependable 
cosmic-ray electroscope readings at the highest 
altitudes thus far attained in such work. It is 
the results of these flights that are reported 
herewith. 
$2. THE FLIGHTS 

On July 6th, 7th and 8th, 1936, Millikan and 
Neher, in collaboration with Colonel Prosser, 
Lieutenant Mathews, and the staff of the Signal 
Corps Unit at Fort Sam Houston, sent up 
into the stratosphere five different Neher self- 
recording electroscopes which were automatically 
charged up every four minutes during the flight 
from Neher-Haynes condensers. The total weight 
of each instrument itself, with its clockwork, 
photographic film, recording barometer, ther- 
mometer and electroscope was 1200 grams, or 
about 2.5 pounds. With the parachute, the steel- 
wire basket for breaking the fall, the insulating 
covering for keeping the temperature nearly 
constant, and the supporting tape and cord, the 
total weight lifted, without counting the balloons 
themselves, was 1400 grams. A string of five 
balloons of one-meter diameter, when not at all 
stretched, arranged in tandem 20 feet apart were 
so inflated as to provide a lift which assured a 
rate of ascent of from 150 to 200 meters a minute. 
The whole string, with parachute and basket 
attached, was about 130 feet long. It is shown 
just ready to start with its load into the strato- 
sphere in Fig. 1. (In this particular flight only 
four balloons were used, in all other flights, five 
were used.) This string makes a nicely visible 
object for eye or theodolite observation, but its 
chief advantage is the following. As it approaches 
the top of its flight the bursting of one balloon 
slows down the rate of rise considerably, the 
bursting of the second balloon enables the instru- 
ment to remain at nearly the same level for a 
long time or until a third balloon breaks, when it 
begins to descend. There is thus an automatic 
“leveling off” period such as a pilot can make in 
aeroplane ascents, and this occurs just where 
accurate readings are most needed. 

The clock was provided with a special contact 
which at the end of three and a half hours 
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detached the parachute, and the instrument 
hanging from it, from the string of balloons so 
that it could be brought relatively rapidly back 
to earth. The parachute was of red silk so as to 
attract the attention of farmers or passers by, 
and an envelope offering a reward for the return 
of the instrument was attached. 

Three of the five instruments came back within 
two days of the flight, two having been found 
within twelve hours of their fall. All of these had 
good records, two of which are shown herewith. 
The third is now being measured, and the fourth 
has come back just at the time of writing, 
possibly with the record of the highest altitude 
reached. This instrument lay for two months 
underneath a tree in which the parachute caught, 
and flagged successfully, though belatedly, a 
passing horseman. It fell within thirty miles of 
San Antonio, while the other three fell some 
eighty miles distant from the starting point. The 
fifth instrument is still to be heard from. 


$3. THE RECORDS 

The amount of the change in temperature 
within the instruments during a flight was only 
some 20°C. All of the inclosed electroscopes, 
barometers and thermometers, were tested shortly 
before the flights in our laboratory vacuum 
chamber under essentially the conditions of the 
flight, so that the readings of all of them on the 
film were quickly obtained in terms of the 
laboratory's standard mercury manometers, ther- 
mometers, and electroscopes. 

The sharpness of the lines on the film corre- 
sponding to barometer, thermometer and elec- 
troscope readings can be seen from the reproduc- 
tion of the two films shown in Fig. 2. When 
measurements of these lines were made under the 
microscope of a comparator the barometer 
readings could everywhere be determined to 
within less than half of a millimeter of mercury. 
One of these two instruments rose to a point at 
which the pressure was 30.7 mm of Hg, the other 
to a point at which the barometer read but 12.9 
mm of mercury. This latter reading corresponds 
to 98.3 percent of the way to the top of the 
atmosphere. It is the highest flight thus far made 
at which electroscope readings have been taken. 
What is the corresponding altitude in feet is not 
important since what we seek is cosmic-ray 
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Fic. 1. Launching ele« 
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Fic. 2. The records of two separate flights. The two upper panels show the first half and the second 
half of the same film which has been cut in two in the middle. Similarly for the two lower panels. B, 


barometer line; 7°, thermometer line; F, fiducial line. 


intensity as a function of the amount of air above 
the measuring instrument. This is given directly 
by the barometer reading. The reduction to 
altitudes measured in kilometers or feet can, of 
course, be made by the use of standard reduction 
tables if desired. The result will depend some- 
what upon whose tables are used. Regener has 
heretofore made this reduction in terms of the 
“summer tables’ given by Humphreys.‘ These 
tables give an altitude corresponding to 30.7 mm 
of He of 72,000 ft. and to 12.9 mm of He of 
92,000 ft, or somewhat more than 28 kilometers. 

As can be seen from Fig. 2, the film corre- 
sponding to instrument No. 0 is perfect from 
beginning to end. The rate of discharge of the 
electroscope is obtained from the slopes of the 
discharge lines which are so fine and clear that 
they can be measured with a very high precision. 
As can be seen from the film, the successive slopes 
cover the whole period of ascent and a portion of 
the descent before the release of the parachute 
and instrument occurred. This had been arranged 
to take place at the very end of the film. 

The film corresponding to instrument No. 2 


shows an excellent electr scope record up to the 


‘Humphreys, Physics of the Air (1929), p. 74. 


point at which the pressure was 12.5 cm of Hg. 
It then becomes illegible because too much 
sunlight blackened the film, but at the higher 
altitudes the record becomes a particularly sharp 
and perfect one of all three readings, barometer 
thermometer and electroscope. The way in which 
the records of the two different flights agree is 
very convincing evidence of their dependability, 
as is also the agreement between the readings 
Cor responding to ascent and descent in the case 


of No. 0. 
$4. RESULTS 


The most striking result of these flights is 
shown in Fig. 3. It is, namely, this. At an altitude 
corresponding to a barometeric pressure of 47.6 
mm of mercury or 64 cm of water in the argon- 
filled pressure electroscope, the ionization, which 
has been rising nearly exponentially up to 2 m of 
water, as shown in Fig. 4, suddenly reaches a 
maximum and then falls rapidly as the instru- 
ment continues to rise. By the time the pressure 
has fallen to 12.9 mm (92,000 ft.) it is 22 percent 
below the maximum value. Of course this means 
that the incoming rays, which are practically 
certainly a mixture of protons and electrons in 





906 


some as vet undetermined proportion, must pene- 
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This is the first time this phenomenon has been 


trate down to a depth of 64 cm of water, or 47.6 observed when an electroscope, a single counter 


mm of mercury, below the top of the atmosphere 
before, on the average in view of their direction 
as well as their composition, they get into equi- 


librium with their secondaries. 


tube, or any instrument which responds to rays 
coming in from all directions has been used as the 
detector. A pair of counter-tubes arranged verti 


cally so as to respond to rays coming in only 
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Fic. 3. Altitude-ionization curve for both flights, reduced to ions per cc at atmospheric pressure. 
The pressures are in meters of water below the top of the atmosphere (10 m=1 atmos.). 
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Fic. 4. Altitude-ionization curve plotted on logarithmic 
scale to show how well the three coefficients u.=0.52, 
u=0.07, and w=0.015 per m of water reproduce the 
observed curve. 


from above shows a corresponding behavior at 
lower altitudes, as very recently reported by both 
Regener and Swann and as can be computed 
theoretically from Fig. 3 by the Gross® analysis 
without making any additional physical assump- 
tions whatever. 

Regener, using the single discharge method 
spoken of in §1, has made flights in Germany in 
magnetic latitudes about 50°N and reached an 
altitude very close to that here obtained, but his 
altitude-ionization curve showed only a flattening 
at the top? and not the marked drop in ionization 
shown in Fig. 3. The explanation of the difference 
between his curve taken in magnetic latitude 
50°N and ours taken in magnetic latitude 39°N 
seems to require, as do some preceding experi- 
ments of ours, the breakdown in the field of 
cosmic rays of the Oppenheimer-Bethe-Heitler 
law of the nuclear absorption of electrons. 

To see why this is so it is first necessary to 
discuss the new evidence for the conclusion that 
incoming electrons (+ and —) not protons or other 
heavy charged particles produce practically all of 
the atmospheric tonization that is due to incoming 
particles at all. 


§5. EvipENCE THAT Protons Do Not ENTER 
THE EARTH’Ss ATMOSPHERE IN 
APPRECIABLE NUMBERS 


A Precision World Survey of sea-level cosmic- 
ray intensities’ begun in 1932, was last year 
completed and published. Through it there has 


5 Zeits. f. Physik 83, 214 (1933). 
® See also Phys. Rev. 50, 15 (1936). 


been established a world chart of equal cosmic- 
ray intensity lines. This chart first appeared in 
the Carnegie Institution Year Book No. 35, 
issued December 13, 1935.° It was the first such 
chart ever published. The new evidence for the 
foregoing conclusion is found in the fact that this 
precision survey shows that there is but one 
magnetic latitude, not two, at which in going 
southward from the north magnetic pole a sudden 
decrease occurs in the intensity of the sea-level 
cosmic-ray ionization, namely in mag. lat. 41°, 
just south of Pasadena. This, combined with the 
great constancy in the value of the sea-level 
ionization in going north from Pasadena to 
Victoria B.C. and then from Victoria to Churchill 
Manitoba, as shown by the tables found on p. 19 
of the foregoing reference,® is inconsistent with 
the idea that the incoming cosmic rays contain an 
appreciable number of protons, or, indeed, of 
other heavy charged particles. 

The single discontinuity at magnetic latitude 
41° occurs because in that latitude it requires six 
billion volt electrons to get through in appreci- 
able numbers the blocking effect of the earth's 
magnetic field, and it also requires six billion volt 
electrons to get through the resistance of the 
atmosphere. Electrons of smaller energy than 
this, such as get through the earth’s magnetic 
field in large numbers farther north than 41°, 
cannot penetrate the atmosphere and make their 
effects felt at sea level. This alone can account for 
the great constancy of the sea-level ionization north 
of magnetic latitude 41°. 

If protons came in from outside in appreciable 
numbers they must get through the atmosphere 
more easily than do electrons, since such heavy 
particles, unlike electrons, do not produce x-rays, 
i.e., do not make radiative collisions in plunging 
through matter, and yet at these speeds ionize the 
atoms through which they pass in essentially 
the same way as do electrons. Indeed, the 
resistance of the atmosphere for them is between 
2 and 3 billion electron volts, instead of 6 billion 
electron volts as in the case of electrons, for we 
have shown’ that radiative collisions account for 
about half of the resistance of the atmosphere to 
the passage of electrons. 

On the other hand, high energy protons experi- 

7 International Conference on Nuclear Physics (Cambridge 
University Press, 1934), p. 206. 
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ence practically the same difficulty in getting 
through the blocking effect of the earth’s mag- 
netic field as do electrons. Hence, if they came 
into the earth in appreciable numbers they would 
be found at sea level in increasing numbers in 
going north from latitude 41° and in magnetic 
latitude about 54°, where the blocking effect of 
the earth’s magnetic field is some 2.5 billion 
electron volts, they would produce a sea-level 
discontinuity such as incoming electrons produce 
at magnetic latitude 41°. The two facts, then, 
(1) that there is but one such discontinuity 
instead of two or more, and (2) that the sea-level 
ionization is constant between 41°N and 54°N 
instead of continuously rising, mean that there 
is but one kind of incoming charged particle, 


namely + and — electrons. 


EVIDENCE FOR THE BREAKDOWN OF THE 
OPPENHEIMER-BETHE-HEITLER LAW IN 


THE FIELD oF Cosmic Rays 


Bowen, Millikan and 
shown that the altitude-ionization curve taken 
at Spokane (magnetic latitude 54°N) up to 
22,000 feet is identical with the altitude-ioniza- 
tion curve taken up to the same altitude at 
Cormorant Lake, magnetic latitude 63°N, while 
the same curve taken at Pasadena (mag. lat. 41°) 
is markedly lower than that at Spokane. This 
shows that the effects of the 2.5 billion volt 
electrons that can just get through the blocking 
effect of the earth’s magnetic field in the latitude 
of Spokane cannot reach down to an altitude of 
22,000 feet, though they are abundantly found 
above that altitude and though the effects of the 
electrons of energies between 2.5 and 6 billion 
electron volts make all the difference between 
the Spokane and Pasadena curves up to 22,000 
feet. These definite proofs of a range in the 
incoming electrons of less than half an atmosphere 
for 2.5 billion volt electrons, and a range of a 
whole atmosphere for 6 billion volt electrons, 
show that the Oppenheimer-Bethe-Heitler ab- 
sorption law heretofore proved to hold for 


$6. 


Neher have already 


low 
energy electrons cannot hold for energies of a few 
billion electron volts. For this law requires the 
absorption produced by a given thickness of 
matter to be proportional to the energy of the 


8 International Conference on Nuclear Physics (Cambridge 
University Press (1934), p. 210. 
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electrons incident upon it, and this means that 6 
billion volt electrons would have nearly the 
same penetrating power as 2.5 billion volt elec- 
trons. That this is not the case is proved by the 
fact that at Pasadena the effect of incoming 6 
billion volt electrons is felt at sea level, whereas 
the constancy of the ionization at an altitude of 
22,000 feet between Spokane and Cormorant 
Lake means that the effect of 2.5 billion volt 
electrons cannot penetrate down to an altitude 
of 22,000 feet above the earth’s surface. In other 
words, 6 billion volt electrons actually are found to 
have more than twice the penetrating power, or 
range, of 2.5 billion volt electrons. This is in 
violation of the Oppenheimer-Bethe-Heitler law. 
The same relation is again shown qualitatively 
in the difference between Regener’s curve at mag. 
lat. 50°N and Fig. 3 taken at mag. lat. 39°N. 
The whole difference between the curves 
must be due to the difference in the energies of 


two 


the electrons that can get through the blocking 
effect of the earth’s magnetic field in mag. lat. 
50°N and in mag. lat. 39°N the proton 
component of the incoming rays must be the 


fe Tr 


same in both latitudes. The electrons that get in 
at 50°N do not penetrate as far down into the 
atmosphere before they get into equilibrium with 
their secondaries, as do the electrons that get 
in at 39°. As in the preceding discussion, this 
shows, then, the breakdown at high energies of 
the Oppenheimer-Bethe-Heitler law of nuclear 
absorption of the electronic component of the 
cosmic rays. 

This investigation has been carried out with 
the aid of funds provided by the Carnegie 
Corporation of New York, administered by the 
Carnegie Institution of Washington, to which 
organizations we wish to express our hearty 
thanks. The very skillful mechanical work in- 
volved in the construction of the electroscopes 
has been done by Mr. Julius Pearson. Many 
helpful suggestions have been contributed by 
Professor I. S. Bowen.’ 


® As this proof was being read a detailed account by 
Georg P. Fotzer (Zeits. f. Physik 102, 41 (1936)) of the 
experiments from Regener’s laboratory in which vertical 
counters are sent in balloons to as high altitudes as those 
here reached, came to hand. By the ‘‘Gross transformation” 
our curve (Fig. 3) becomes transformed into one resembling 
his observed curve save for such differences as are to be 
expected from the difference in latitude and in instrumental 
precision. 
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The Radiations Emitted from Artificially Produced Radioactive Substances 


II. The Gamma-Rays from Several Elements 


J. REGINALD RICHARDSON AND FRANZ N. D. Kurir, Radiation Laboratory, Department of Physics, University of California, 


Berke ley ’ 


A method for measuring the energy and relative inten- 
sity of the gamma-rays emitted by light radioactive 
elements is discussed. It depends upon the measurement 
of the momentum distribution of the Compton recoil 
electrons projected from a thin mica radiator situated in 
a cloud chamber traversed by a magnetic field. In the 
energy range from 0.5 to 5 Mev the distribution includes 
only those electrons whose initial velocity makes an angle 
of less than 10° with the path of the incident gamma-ray. 
The theoretical distribution curves indicate an average 


1. INTRODUCTION 


NDOUBTEDLY the best method of inves- 

tigating the gamma-radiation emitted by 
the natural radioactive bodies consists of an 
examination of the momentum distribution of the 
electrons emitted by these substances. Super- 
imposed on the 6 distribution (if present) are 
the groups of electrons originating from the 
internally converted gamma-rays. The inves- 
tigation is usually carried out with the magnetic 
spectrograph. Unfortunately this method is not 
applicable to the radiation from nuclear disin- 
tegration processes nor to the gamma-rays from 
the lighter artificially produced radioactive 
bodies, since the probability of internal con- 
version is very small here. 

The method of measuring the direct absorption 
of the gamma-rays has been most frequently 
used in the past in nuclear physics for deter- 
mining their energy. It is becoming apparent, 
however, that this method is extremely untrust- 
worthy, even when applied by careful inves- 
tigators. Furthermore it will not resolve a 
complex spectrum. 

It is possible to estimate gamma-ray energies 
if one has a knowledge of the energy distribution 
of the secondary Compton electrons knocked 
forward by it. A rough indication can be ob- 
tained by measuring the absorption of the 
Compton recoil electrons in matter. This has 
been done by the use of coincidence counters. A 


superior method, however, is to measure their 
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expected half-width of about 250 kv. Experimental data 
have been obtained which completely validate the theory 
The gamma-radiations from A*, Na** and N"™ have been 
investigated by this method. The argon radiation appears 
to be monochromatic with an energy of 1.37 Mev. Sodium 
emits three lines at 0.95, 1.93 and 3.08 Mev which are 
possibly interrelated. Also the two quanta annihilation 
radiation from the positrons of radio nitrogen was checked 
at 0.51 Mev. The results indicate that the method is quite 


satisfactory in the energy range from 0.5 to 3 Mev. 


momentum (and therefore their energy) as they 
traverse a cloud chamber situated in a magnetic 
field.! 

Crane, Delsasso, Fowler and Lauritsen have 
pointed out that it is preferable to use a light 
element as a “radiator” of Compton electrons 
because of the masking effect of large radiative 
energy losses and pair production, both of which 
are much more prevalent for substances of high 
atomic number. The number of photoelectrons is 
also greatly decreased by using a radiator of 
aluminum, say, rather than lead. With the 
former, from a gamma-ray of energy 0.5 Mev 
less than one track in four hundred is due to a 
photoelectron. On the other hand, for 5 Mev 
radiation one electron in twenty should belong 
to a pair. 

With these considerations in mind, then, it 
was thought desirable to make a calculation of 
the momentum distribution of the Compton 
recoil electrons ejected from varying thicknesses 
of radiator by a gamma-ray of energy in the 
range 0.5-5 Mev. 


2. CALCULATIONS 


One can determine the distribution in energy 
of the Compton recoil electrons ejected from an 
infinitely thin radiator by applying the theory 
of Klein and Nishina,? who show that the prob- 


1 Skobeltzyn, Zeits. f. Physik 43, 354 (1927); 58, 595 
(1929); Crane, Delsasso, Fowler and Lauritsen, Phys. 
Rev. 48, 125 (1935). 

* Klein and Nishina, Zeits. f. Physik 52, 853 (1928). 
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Fic. 1. Relative probability (on the theory of Klein and 
Nishina) that a gamma-ray of energy a@ will project an 
electron of energy r. The solid part of the curve concerns 
those electrons whose initial velocity makes an angle of 
less than 10° with the path of the incident gamma-ray. 


ability that a gamma-ray will project an electron 
with an energy between FE and E+dE is 


re! 1+(1—5)? 
PrdE=—- 


m*c4 a 


| 1+ 


where m and e are the rest mass and charge of 
the electron, a=hv/mc? is the energy of the 
incident gamma-ray in terms of the rest energy of 
the electron, and 6=E/(a(hv—E£)) =r/(a(1—r)) 
where r= £/hv. Thus it appears that the energy 
distribution of the recoil electrons projected 
from an infinitely thin radiator is proportional 
to Pg=P(r, a) given by the above expression. 

As a result of applying the conservation laws 
to the process, the equation 


r=2a/(1+2a+(1+a)? tan ¢) 


ah? 


—— — fe. 
(1+(1—5)?} (1+) 


is obtained, where ¢ is the angle between the 
path of the incident gamma-ray (hereafter to be 
called the ‘forward direction”) and the initial 
velocity of the electron. From this equation we 
see that a determination of r and ¢ would yield 
a knowledge of the gamma-ray energy 
Unfortunately, a measurement of the angle ¢ 
is rather uncertain due to the scattering of the 
the radiator. An accurate 


a. 


recoil electrons in 
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measurement of ¢ and a reasonable number of 
recoils are incompatible. 

It is possible to obtain a useful statistical 
treatment, however, by determining the energy 
of all electrons whose initial velocity makes an 
angle less than ¢*, say, with the forward direc- 
tion. In order to obtain a sufficient number of 
tracks from gamma-radiation of 3 Mev, or less, 
it is necessary to take ¢* as large as 10°. Thus 
the form of the function P(r, a) is of importance 
only for rip<r<ro. Fig. 1 shows this function for 
several different values of a. 

In practice, of course, a radiator of finite 
thickness is used. In order to extend the treat- 
ment to this case we can proceed in the following 
manner. We concern ourselves with the recoil 
electrons projected from a plane situated at a 
distance Ax, say, below the surface of the radi- 
ator, and parallel to it. If the electrons arising 
in this plane all had the same energy, their 
momentum distribution as they emerged from 
the surface after traversing the distance Ax in 
the radiator would correspond to the well-known 
straggling curves for homogeneous §-particles. 
The form of the straggling curve as obtained by 
White and Millington* is applicable here provided 
that Ax be small in comparison with the total 
range of the electrons. 

The fact that the energy of the electrons is 
not homogeneous but has a distribution propor- 
tional to P(r, a) will have an effect on the shape 
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Fic. 2. Integration of component curves to obtain the 
total momentum distribution of the recoil electrons 
projected within 10° of the forward direction. The broken 
curve indicates the distribution to be expected from a 
radiator of 150 mg/cm*. The full curve applies to a radiator 
of effectively infinite thickness. 


3 White and Millington, Proc. Roy. Soc. A120, 701 
(1928). 
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of the straggling curves. This effect was inves- 
tigated by graphical integration and was found 
to result principally in a further displacement of 
the peak and a corresponding broadening of the 
curve as a whole, but the shape remained much 
the same. 

These resulting curves, then, some of which 
are shown in Fig. 2, will give the actual distri- 
bution in momentum as they emerge from the 
surface, of those recoil electrons which are 
ejected by a gamma-ray in the plane considered 
within 10° of the forward direction. If one 
neglects those electrons (about 10 percent in 
number) whose velocity originally makes an 
angle greater than 10° with the forward direction 
but which are scattered into the 10° zone, these 
curves will give the momentum distribution of 
the electrons which leave the surface within 10°. 

In order to obtain the total momentum dis- 
tribution of the electrons which are projected 
from all parts of the radiator, one must effectively 
integrate the above curves throughout its thick- 
ness. This has been done by graphical means, and 
the process is illustrated by Fig. 2 for a gamma- 
ray of energy 2.6 Mev. 

Expressing a thickness of radiator by means 
of its surface density, we have allowed Ax to take 
on the values 25, 75, 125, mg/cm? in this 
case. The size of each component is adjusted so 
that the area under the curve is proportional to 
the fraction of electrons transmitted by the 
thickness of radiator Ax corresponding to that 
particular curve. But this fraction, if there were 
no angular restriction imposed, would be merely 
the ordinate in the familiar range determination 
curves for homogeneous electrons.* 

The effect of an angular restriction upon the 
range determination curves has been examined 
to a certain extent by Eddy who finds that it 
TABLE I. Total width in Hp of the momentum distribution of 


Compton electrons from y-rays of energies ranging 
from 0.5 to 5 Mev. 


E in Mev 0.5 1.0 2.0 3.0 5.1 

150 mg/cm? 800 900 1000 1200 2000 
100 mg/cm? 800 700 800 1000 1700 
50 mg/cm? 400 400 600 700 1600 


_*Varder, Phil. Mag. 29, 726 (1915); Madgwick, Proc. 
Camb. Phil. Soc. 23, 970 (1927); Eddy, Proc. Camb. 
Phil. Soc. 25, 50 (1929). 
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Fic. 3. The relative number of electrons projected within 
10° of the forward direction, as a function of the energy 
of the gamma-ray. This applies to a radiator of infinitesimal 
thickness. 


results, naturally, in a reduction of the “‘appar- 
ent range.’ This effect, however, is largely 
counterbalanced by the fact that a number of 
the Compton electrons which are given a recoil 
at an angle greater than 10° (and a correspond- 
ingly small energy) are scattered into the favored 
angle. 

In Fig. 2, then, the sum of the three tallest 
curves should give approximately the momentum 
distribution to be expected from a radiator of 
surface density 150 mg/cm? under the angular 
restriction imposed. Similarly an estimate is 
shown of the asymptotic distribution to be 
expected from a radiator of infinite thickness. 

This procedure has been carried through for 
several gamma-ray energies ranging from 0.5 
Mev to 5 Mev, and the results are summarized 
in Table I which gives the total width in J/p of 
the momentum distribution curve at _half- 
maximum value, to be ejected from radiators of 
varying thickness and at divers energies. (In the 
region considered the corresponding widths in 
kv may be obtained quite closely by multiplying 
the Hp by 0.3.) 

From a table such as this one can obtain a 
fair idea of the most suitable radiator to employ 
in a given problem. It is obvious that for low 
energies one should use a radiator of thickness 
50 mg/cm? or less if one is to obtain a sharp line 
corresponding to a monochromatic radiation. 
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Fic. 4. The relative number of electrons projected from 
radiators of thickness 100, 125, 150 mg/cm? within 10° of 
the forward direction, as a function of the gamma-ray 
energy. Division of the experimental data by the ordinate 
of the proper curve will give the relative intensity of 
different lines. 


However, at higher energies a somewhat thicker 
radiator would be preferable, since an increase 
in surface density from 50 mg/cm® to 100 
mg/cm? will double the number of tracks ob- 
broadening the 
of the 


without appreciably 


distribution 


tained 


momentum curve recoil 


electrons. 
3. INTENSITY RELATIONS 


From 3 Mev to 5 Mev, it would seem that the 
increase in half-width is due primarily to the 
Compton energy spread corresponding to a ¢* 
of 10° (Fig. 1). Thus a smaller ¢* is desirable for 
higher energies. Unfortunately, however, as ¢* 
becomes smaller, the scattering of the recoil 
electrons in the radiator becomes more impor- 
tant. This factor, combined with the prevalence 
at high energies of large radiative losses and pair 
production, will all tend greatly to broaden the 
momentum distribution curves in the region 
above 5 Mev. 

Skobeltzyn pointed out that the number of 
electrons projected by a gamma-ray within 
twenty degrees of the forward direction is ap- 
proximately independent of its energy, at least 
in the region of the gamma-rays emit=ed by the 
natural radioactive bodies. We have investigated 
this point by integrating P(r, a) with respect to 
dr from fri to fo. The results are plotted in Fig. 3. 

This curve is valid for an infinitely thin 
lamina, but experimentally one is concerned with 
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radiators of finite thickness. Thus the effect of 
straggling, etc., on the intensity function must 
be investigated. Accordingly we take a family of 
curves corresponding to a certain energy as 
illustrated by Fig. 2 and normalize the tallest 
according to Fig. 3. Then the area under the 
various summation curves should the 
relative number of electrons projected within the 
10° angle for that gamma-ray energy and for 
the various thicknesses of radiator. As a con- 


give 


venient experimental measure of the intensity 
we shall take the area included under the dis- 
tribution curve between the 
sponding to half the maximum value of the 
ordinate. The results are plotted in Fig. 4. 

The final intensity factor should embody a 


abscissae corre- 


correction involving the different solid angle 
subtended by the chamber for tracks of varying 
radius of curvature. This correction, however, 
will depend upon the experimental criterion for 
the selection of tracks and can be made quite 
small. 


4. ENERGY DETERMINATION 


In order to obtain the energy of the gamma- 
ray from the momentum distribution of the 
Compton recoils, it is necessary that some quan- 
titative method of accomplishing this be decided 
upon. It would seem that the shape of that part 
of the curve from the peak to the high energy 
tail would be the part most likely to be inde- 
pendent of chamber conditions. It is reasonable, 
then, to relate the energy of the gamma-radiation 
to the intersection with the momentum axis of 
the best straight line which one could pass 
through this part of the curve. 

Before this can be done it is necessary to 
investigate the change produced in the shape of 
the distribution curve by assigning an uncer- 
tainty to the individual momentum measure- 
ments. This has been done, using familiar ana- 
lytical methods based on the Gaussian law of 
errors. Naturally, if uncertainty in the 
individual momentum measurements is allowed, 
we must expect a broadening of the distribution 
curve as a whole, and a flattening of the high 
energy tail. 

Quantitatively it is found that the intersection 
of the “‘best straight line’’ with the momentum 
axis is advanced approximately 0.96 towards 
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higher energies, if 6 is the individual probable 
error assigned. Such a probable error will cover 
the uncertainty due to small angle scattering of 
tracks in the chamber, actual uncertainty in 
measurement of the tracks, etc. 

In constructing the distribution curves it has 
been found that the above intersection point is 
about 3 percent lower than the momentum cor- 
responding to the maximum recoil energy avail- 
able to the electrons from a given gamma-ray. 
Actually a reasonable value of 6 is about 3 
percent. Therefore, no great error will be made 
if we take the intersection of the extrapolated 
linear portion of the curve as being the maximum 
momentum available to the electrons. 

Test of this procedure on a few tracks (70) of 
electrons projected by the gamma-radiation of 
Th C” showed that an error of less than 2 percent 
was made in the energy determination of the line 
at 2.62 Mev. The shape of the distribution curve 
also corresponded closely to the theoretical 


expectations. 


5. EXPERIMENTAL RESULTS 


In order to indicate the validity of the above 
reasoning, some experimental results obtained 
by one of us (JRR) are included. The data given 
here supersedes that given previously.’ 

The experimental details of the cloud chamber 
and magnetic field have been described by Kurie, 
Richardson and Paxton in the first paper of this 
series.® For these investigations, however, a thin 
lamina of mica or glass was mounted near the 
center of the cloud chamber perpendicular to its 
plane. The upper edge of the lamina was attached 
by means of water glass to the glass roof of the 
chamber. This was designed to act as the 
radiator of Compton electrons. As in the previous 
work, the cloud chamber was filled with hydrogen 
to reduce the scattering of the recoil electrons. 

The gamma-ray source was placed on the per- 
pendicular bisector of the radiator, in the plane 
of the cloud chamber, and about 30 cm outside 
the latter's side wall. The solid angle subtended 
by the source at this distance was sufficiently 
small so that the angular restriction could be 
imposed with confidence. 


5 J. R. Richardson, Berkeley Meeting, Am. Phys. Soc., 
Phys. Rev. 49, 203 (1936). 

® Kurie, Richardson and Paxton, Phys. Rev. 49, 368 
1936). 
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Fic. 5. Compton recoil electrons projected from a thin 
mica lamina (120 mg/cm?) by the gamma-rays of radio 
sodium. The track emerging from the radiator on the 
extreme left satisfies all the criteria. The next one to the 
right is just barely measurable from the point of view of 
clearness and angular deviation. None of the rest of the 
tracks are satisfactory. 


For the selection of tracks the following cri- 
teria were formulated. An electron track must 
satisfy them in order to be included in the data. 
1) The track must be clear and of uniform 
curvature. (2) It must appear to originate in the 
mica radiator. (3) It must emerge from the 
radiator within 10° of the forward direction. 
(4) It must be at least 10 cm in length. (5) It 
must not be visibly associated with a positron 
in the formation of a pair. To satisfy criterion 2, 
all tracks which became visible within 1 cm of 
the radiator were taken as originating in that 
body. Due to the geometry of the chamber a 
track 10 cm long would make an angle of less 
than 10° with the plane of the chamber. Fig. 5 
indicates the geometry used. 

In order to suppress statistical fluctuations to 
some extent, the experimental distributions have 
been smoothed slightly. The data as taken are 
grouped into half-centimeter intervals of radius 
of curvature. These are grouped in pairs to give 
one set of points on the distribution curve, and 
then regrouped to give another set. One set is 
denoted by circles, the other by points on the 
distribution curves. 
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Fic. 6. The momentum distribution of the Compton 
electrons projected by the gamma-radiation from activated 
argon. 


6. ARGON A*! 


The radioactivity excited in argon by deuteron 
bombardment has been Dr. 
A. H. Snell.7 He kindly prepared a sample of the 
radioactive gas which was compressed into a 


investigated by 


small thin-walled container and thus used as a 
gamma-ray source. 

The radiator 
surface density of about 120 mg cm?*. Approxi- 
mately a hundred measurable tracks were ob- 
tained from a group of three hundred pictures, 
although altogether there was about ten electron 


was of glass and has a 


used 


tracks per picture, most of which originated in 
the glass sidewalls. 
The 


recoil electrons is shown in Fig. 6. One sees that 


momentum distribution curve of the 
the curve corresponds closely to the theoretical 
distribution to be expected from a single gamma- 
ray line. Since the latter has been checked by 
measurements on the high energy line of Th C”, 
it seems reasonable to suppose that the gamma- 
radiation of argon consists of a monochromatic 
line. Using the procedure explained in Section 4, 
it was found that the 
available to the Compton electrons was an //p 


maximum momentum 
of 5280 gauss-cm corresponding to an energy of 
1.15 Mev. When an electron of this energy is 
projected in the forward direction, a gamma 
quantum of energy 0.22 Mev is scattered directly 
backwards. Thus the radiation emitted by radio- 
argon must have an energy of 1.37 Mev. An 
estimated probable error of +0.06 Mev is 
assigned. 

The certainty with which it can be asserted 
that the line is monochromatic is, of course, 


7A. H. Snell, Phys. Rev. 49, 555 (1936). 
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limited by the resolving power of the method. 
It would seem from an inspection of the curves 
of Fig. 2 that two lines of about equal intensity, 
but differing in energy by 300 kv or more, would 
be rather clearly resolved using this radiator. 
Thus it is possible to say that the line here is 
A thinnet 


radiator, of course, would greatly improve the 


monochromatic to less than 200 kv. 


resolving power but would prove much more 


laborious in the yield of tracks. 


7. Sopium Na®! 


Radio-sodium as produced from its stable 


isotope by deuteron bombardment has been 


studied in detail by E. O. Lawrence.° 

In the investigation of the gamma-radiation 
emitted by this body, a target of sodium fluoride 
was exposed to the deuteron beam. Measure- 
ments were commenced four hours after activa- 
tion, allowing time for the ten second fluorine 
activity to decay. The strength of the source was 
estimated to be about four millicuries. 

A series of 1100 pictures with this source 
furnished a yield of about 900 tracks satisfying 
the criteria used. These tracks when grouped, 
vielded the distribution curve shown in Fig. 7. 

It seems obvious that the radiation emitted 
is complex, and that it consists presumably of 
at least three lines. The question of the relative 
intensity of the lines is of interest, assuming 
there are three. We can examine this question 
in the light of the considerations discussed in 


Section 3. 


Fic. 7. Distribution curve of the electrons projected by 
the gamma-rays of radio-sodium. The maximum momentum 
available to the electrons from the assumed three lines is 
3790 Hp, 7150 Hp, and 11,080 Hp. 


8 E. O. Lawrence, Phys. Rev. 47, 17 (1935). 
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Fic. 8. Distribution curve of the recoil electrons produced 
by the radiation emitted when the positrons of radio- 
nitrogen are annihilated in lead. The maximum momentum 
available from the main line is 2280 Hp. 


From a knowledge of the radiator thickness 
(about 120 mg/cm? in this case) and the energy 
of the gamma-ray line, one can find the relative 
intensity correction factor from Fig. 4. Thus the 
relative intensity of the lines can be estimated 
from the momentum distribution of the recoil 
electrons. It is believed that the estimates can be 
made correct to within 20 percent. 

The results of the measurements on Na*™ are 
as follows: 


Energy in Mev 0.95 1.93 3.08 
Relative Intensity 1.05 0.95 0.65. 


It is to be observed that the sum of the energies 
of the two lines of equal intensity is approxi- 
mately equal to the energy of the third line. 

Naturally, it is to be expected that the energy 
value assigned to the 3 Mev line is more precise 
than those given for the other two lines. Even 
for the lightest radiators practicable there will 
be a certain amount of ‘“‘masking”’ of low energy 
lines due to the recoil electrons from a line of 
higher energy which suffer large energy losses in 
traversing the radiator. In many cases, however, 
this can be made negligible. 


8. RAapIO-NITROGEN N® 


It was thought desirable to investigate the 
applicability of this method to the measurement 
of gamma-rays of a somewhat lower energy. An 
obvious monochromatic source of such a nature 
is the ‘‘two-quanta” radiation emitted when a 
positron at rest is annihilated. We may think of 
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this process, of course, as the transition of an 
electron from a positive energy state +mc* to a 


negative energy state —mc*. To satisfy the con- 
servation laws of energy and momentum, two 
quanta of energy mc*? each are radiated in 
opposite directions. Since this process of anni- 
hilation is by far the most probable,’ we should 
expect a prominent monochromatic line at 0.51 
Mev in the gamma-ray spectrum of a positron 
emitter. 

Radio-nitrogen as formed from C” by deuteron 
bombardment is a convenient positron emitter, 
so the radiations from it were investigated. 
McMillan’® has examined the direct absorption 
in lead of the annihilation radiation from this 
source. He reports an accurately logarithmic 
absorption over a factor of 100 and a coefficient 
in good agreement with the theoretical one. 

In this series of experiments a target of 
Acheson graphite was bombarded with 4 Mev 
deuterons. Because of the low energy of the 
expected radiation a mica radiator of only 40 
mg/cm? was used. The magnetic field also was 
reduced to about 250 gauss. The target was 
placed with the bombarded surface towards the 
cloud chamber, and with a thin sheet of lead 
covering it, of sufficient thickness to stop all the 
positrons emitted by the radio-nitrogen. 

The momentum distribution of the recoil 
electrons obtained in this way is shown in Fig. 8. 
It indicates the presence of a main gamma-ray 
line at 0.51 Mev, in excellent agreement with the 
value to be expected for the two-quanta radiation 
emitted when a positron is annihilated at rest. 
The occasional electron exhibiting a momentum 
greater than that to be ascribed to this main 
line may be due to contamination of the source. 
More probably, it may be due to the radiation 
emitted when a positron is annihilated while in 
motion. In this case, the quantum emitted in 
the forward direction will probably have an 
energy of mc? plus most of the kinetic energy of 
the positron.’ It is also possible that the rare™ 
one-quantum annihilation may be detected, in 
which the total rest energy of the pair is con- 
verted into a single quantum in the presence of 


®H. A. Bethe, Proc. Roy. Soc. A150, 129 (1935). 

1 FE. McMillan, Phys. Rev. 46, 868 (1934). 

1 Jaeger and Hulme, Proc. Camb. Phil. Soc. 32, 158 
(1936). 
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a nucleus, the latter allowing the conservation 
laws to be satisfied. More work is being done to 
clear up this matter. 

Upon consideration of these results, it seems to 
us that this method of measuring the energy and 
relative intensity of gamma-radiation is fairly 
satisfactory in the energy range from 0.5 to 3 
Mev. As far as radiation emitted from the lighter 
elements is concerned, it appears to be the most 
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reliable method so far used to obtain these 
quantities. 

The authors are very grateful to Professo: 
E. O. Lawrence and to Professor J. R. Oppen- 
heimer for many discussions of this work. We are 
also indebted to the Chemical Foundation and 
the Research Corporation and the Josiah Macy, 
Jr., Foundation for grants making the experi- 


mental work possible. 
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Ka Satellite Lines for Elements Zn(30) to Pd (46) 


CuarRLes H. SHaw* anp LyMan G. Parratt,t Cornell University, Ithaca, New York 
(Received September 21, 1936) 


With a two-crystal spectrometer, ionization curves of 
the Kas, 4 group of x-ray satellite lines have been recorded 
for elements Zn(30) to Pd(46). In this satellite group are 
found four component lines for elements 30=Z=33, three 
components for 34=>Z=40 and two components, a;’ and 
a, for 415246. The wave-length position, relative 


I. INTRODUCTION 
XPERIMENTAL knowledge of x-ray satel- 


lite lines has recently been advanced very 
considerably by the application of the two- 
crystal ionization spectrometer. Feeble ionization 
currents can now be measured with an accuracy 
which is limited chiefly by the statistical variation 
in the number of quanta entering the ion 
chamber,' and the ratio of two x-ray intensities 
differing by a factor of 10,000 can be measured 
with an uncertainty of but a few percent. 
Measurements with such precision combined 
with high resolving power are indispensable in 
obtaining quantitative information, especially of 
intensity relationships, about the extremely faint 
x-ray satellite lines accompanying the intense 
Ka; lines. 

Wave-length positions, relative intensities and 
line widths are reported in the present paper for 
the component lines a3, a3’ and a, for elements 
Zn(30) to Pd(46). This report extends a previous 
study of the Ka satellite lines and, with the 
~ * National Research Fellow. 

t Indebted to the Carnegie Foundation for a grant-in-aid 

made to Professor F. K. Richtmyer) of this research. 


'L. G. Parratt, Phys. Rev. 49, 132 (1936), and others. 
*L. G. Parratt, Phys. Rev. 50, 1 (1936). 


intensity, and line width at half-maximum intensity of 
each component has been measured. A sharp and anoma 
lous decrease (with increasing Z) in the total satellite 
intensity relative to the a intensity is found in the region 
of ¥(39). Curious and anomalous intensity relations are 
also found among the individual satellite components. 


previous study, provides systematic and rela- 
tively precise information about these lines for 
the wide atomic number range S(16) to Pd(46). 


Il. EXPERIMENTAL PART 


The two-crystal spectrometer used in these 
measurements has been described elsewhere.® 


Crystals 


The calcite crystals were ground, polished and 
etched several times in an effort to make of them 
“perfect” crystals of Class I.4 As these crystals 
were used, their degree of perfection was good 
though somewhat indefinite. No attempt was 
made in the present work to study accurately 
(i.e., to 1%) line widths and shapes, and our 
knowledge of the diffraction patterns of these 
crystals was considered adequate for the satellite 
study. As an index to the effective resolving 
power, the observed Ka, widths are given in a 
subsequent table of data. 


’F. K. Richtmyer and S. W. Barnes, Rev. Sci. Inst. 5, 
351 (1934), and F. K. Richtmyer, S. W. Barnes and E. G 
Ramberg, Phys. Rev. 46, 843 (1934). 

4L. G. Parratt, Rev. Sci. Inst. 6, 387 (1935). 
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Fic. 1. Ionization curves of the Ka; region for Sr(38) and for Mo(42). The as, , group of satellites in 
each case is plotted to an intensity scale magnified, relative to the scale of the a; line, by the intensity 
factor indicated. The satellite background (the side of the a; line) is sketched in and the reduced satellite 
contour is drawn. As the atomic number increases, the satellite intensity relative to the a, line decreases, 
the satellites are found “higher up” on the side of the a line, and the continuous spectrum, comprising 
part of the satellite background, is relatively more intense. (Spuriously scattered radiation, although re- 
duced to a minimum, is, of course, also present in the background.) 


Ionization currents 


A steel ionization chamber, two inches in 
diameter and ten inches long, was filled with 
argon at three atmospheres pressure. The ioniza- 
tion currents were amplified with an FP-54 


electrometer tube in a modified DuBridge-Brown 


circuit® having a sensitivity of about 100,000 
mm/volt, and the amplified currents were re- 
corded with a L. and N. type R galvanometer. 
Any one of four high resistors, 10%, 10°, 10'° or 
10" ohms, could be placed in the control-grid 


oL. A. DuBridge and H. Brown, Rev. Sci. Inst. 4, 532 
(1933). 
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circuit by a simple switching device. These 
resistances, whose ratios were known, allowed 
the measurement of the ratio of widely differing 
ionization currents with a much smaller corre- 
sponding change in the control-grid voltage. 
Furthermore, the control-grid voltage was main- 
tained roughly constant by an applied e.m.f. 
obtained from an auxiliary battery with a L. and 
N. type AK potentiometer in the control-grid 
circuit. In this manner the electrometer tube and 
circuit were used as a null instrument, assuring 
beyond question the linearity of the system for 
recording ionization currents. As an experimental 
check on the linearity for x-ray intensities, to 
make sure of saturation in the ion current, etc., 
the absorption coefficient of silver was deter- 
mined for Mo Ka, radiation for two silver foils. 
One of these foils reduced the ionization current 
from about 10~" amperes to about 5 X10-"; the 
other to about 10~“ amperes, one-thousandth of 
the J) current. The two absorption coefficients so 
determined differed by about 3 percent and were 
within the experimental error of the accepted 
value. 
Targets 

The targets of the 
prepared as follows: Zinc was electroplated onto 
copper. Small bits of arsenic were 
pressed with a hydraulic press into a sheet of 
silver which was then soft-soldered to the water- 


various elements were 


metallic 
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cooled target carriage. Metallic selenium was 
melted on a silver sheet, forming a thin layer of 
AgeSe which adhered tenaciously to the silver 
The copper target carriage was dipped into 
bromine gas until a very thin layer of CuBre had 
formed. Metallic strontium was pressed into a }- 
inch hole drilled in a copper rod, sealed with 
borax to prevent oxidation, and heated with an 
oxygen flame to a temperature slightly above the 
strontium melting point. The strontium fused 
with the copper on the flat bottom and around 
the walls of the cup. When cooled, the unit was 
turned on a lathe to the desired shape of a disk 
about # of an inch thick, about half of which was 
copper, and 3 of an inch in diameter. After soft- 
soldering the disk to the target carriage, a fresh 
surface of strontium, obtained by a few strokes 
of a file, was preserved by a coating of napthalene 
which coating soon evaporated when the pumps 
were applied to the x-ray tube. Metallic zir- 
conium, columbium and molybdenum sheets 
were each spot-welded to a nickel sheet. Metallic 
palladium was soft-soldered directly to the target 
carriage. 


X-ray tube power 

It has been noted previously':® that the 
intensities of Kae satellite lines relative to the 
6 D. Coster and W. J. Thijssen, Zeits. f. Physik 84, 686 
(1933). See also D. Coster, H. H. Kuipers and W. J. 
Huizinga, Physica 2, 870 (1935); and L. G. Parratt, Phys. 
Rev. 49, 502 (1936). 
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Fic. 2. Contours of the Kas, , satellite group, reduced to a uniform background, for elements Zn(30) to Pd(46). Arbi- 
trary abscissae and ordinate scales are used for each element. The reduced contours are resolved into the structural 
component lines as discussed in the text. From left to right the components are a;’, ay, a; and a’. All four satellite com- 
ponents are found for elements 30=Z=33, three components for 34=Z=40, and two components, a;’ and a, for 


41=Z=46. 
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intensity of the Ka; line is constant for x-ray tube 
voltages greater than about twice the excitation 
potential. In the present work this condition for 
maximum satellite relative intensity was main- 
tained for each element. The x-ray tube was 
operated as follows: For 30=Z=35 the voltage 
was 35 kv and the current about 15 ma; for 
38=Z=42, 40 kv and 15 ma; and for Z=46, 
50 kv and 16 ma. 

The largest observed a; peak intensity was for 
As(33), an equivalent scale deflection at maxi- 
mum sensitivity of 48,000 cm produced by an 
ionization current of 1.2X10-" amperes; the 
minimum a; peak equivalent deflection was 
9000 cm for Br(35). 


Ionization curves 

In Fig. 1 are reproduced the ionization curves 
for Sr(38) and Mo(42) as representative of the 
present Ka regions. The satellites a3, a3’ and a; 
are plotted in each of these curves to an intensity 
scale 77 and 118 times the scale used in plotting 
the Ka, lines. 

Reproduced in reference 2 for elements of lower 
atomic number are ionization curves similar to 
those in Fig. 1. 


III. RESOLUTION INTO COMPONENTS 


As seen in Fig. 1, the satellite lines appear as 
small irregularities on the side of the a, line. 
We are interested in analyzing as far as possible 
these observed irregularities in terms of the 
component line structure. Firstly, we are obliged 
to draw in the side of the a, line under the 
satellite region. Partly because of the unknown 
shape of the a, line (and of the unknown relative 
intensity of the continuous spectrum and of the 
spuriously scattered radiation), and partly be- 
cause of the observational errors in the in- 
tensity readings, this satellite background is 
necessarily arbitrary: the attending relative 
uncertainty in the satellite contours is large, 
with an increasing relative uncertainty as the 
satellite intensity decreases. With the writers’ 
opinion of a “‘reasonable”’ background, the satel- 
lite contour for each of the present elements is 
illustrated in Fig. 2. These contours have been 
analyzed into component structure, as indicated 
in Fig. 2, in a manner similar to that discussed in 


reference 2. It is, of course, not possible to arrive 


at a unique component structure and the present 
analysis is but the writers’ ‘‘reasonable’’ guess. 
The essential features of the structure, however, 
are unambiguous. 


The a’ component 

The a’ line appears consistently for Zn(30) 
and As(33) although the external evidence for 
this line is about equal to the estimated obser- 
vational errors. It would be possible to include a’ 
in the resolved structures for Se(34), Br(35) and 
perhaps also Sr(38) but this has not been done 
since for these elements the line is certainly 
within the errors. 
The a; component 

The a; line is in strong evidence through Sr(38) 
and is questionably present for Zr(40). For 
elements above Zr(40) a; is certainly within the 
errors. The greatest factor in the errors, espe- 
cially for elements of atomic number above 
Sr(38), is the uncertainty of the background 
intensity. One might draw in a background for 
each of the elements 40=Z=46 which would 
leave considerable intensity for the a; com- 
ponent, say } the intensity of a;’. Such back- 
grounds would also (1) approximately double the 
total satellite intensity relative to the a, line, 
(2) result in markedly asymmetrical shapes of the 
component satellite lines and considerably in- 
crease the component line widths, (3) slightly 
alter the wave-length positions, and (4) finally, 
and most important, require a greater obser- 
vational error in the intensity recordings than 
the writers are willing to grant. On the other 

TABLE I. Wave-lengths in X.U. of Ka satellite lines. 


These measureménts for each element are referred to the 
wave-length of the Ka; line.* 


Ele- 





Target ment ay a’ a ay a," 
Electro- 

plated Zn(30) |1432.22) 1427.7 |1427.00)1426.12|1425.28 
metal As(33) |1173.44 1170.1 |1169.59)1168.94/ 1168.09 
Ag.Se Se(34) |1102.48 - 1098.92) 1098.28 1097.52 
CuBr. Br(35) |1037.59 1034.28) 1033.65) 1032.93 
metal Sr(38) | 873.45 870.87) 870.35; 869.80 
metal Zr(40) | 784.30 782.0 | 781.6 | 781.16 
metal Cb(41)| 744.65 742.1 | 741.69 
metal Mo(42), 707.83 705.5 | 705.06 
metal Pd(46) | 584.27 582.5 |{582.14 


* The wave-length for the Kam line for Zn(30) is taken from Bearden 
and Shaw, Phys. Rev. 48, 18 (1935); for all other elements the Ka 


wave-lengt! 
(1931). 


s are taken from Siegbahn, Spektroskopie 
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Fic. 3. Wave-length separations, in Av/R units, of the 
satellite components from the center of intensity of the 
Kaj, 2 doublet lines. The open circles represent the present 
from 


data; the solid circles are measurements taken 
Parratt, reference 2. 

hand, there could be permitted, within the 
observational errors, a background for each 


element 40=Z=46 which would exclude the 
presence of all components except a;’. Such 
backgrounds are not drawn because of the belief 
that the width of the a;’ component is at least as 


great as the width of the a; line. 


The a;’ and a, components 

No question can be raised as to the presence of 
the a;’ line for any of the elements studied. The 
a, line is strongly evidenced through Sr(38) and 
is included in the component structure for higher 
atomic numbers because of the arbitrary criterion 
of symmetry for the a;’ line and for the reasons 
mentioned in the previous paragraph. 

Hulubei has recently reported’? photographic 

TABLE II. Separation in Av/R units of the Ka satellite 
lines referred to the center of intensity of the Kay, 2 doublet 


lines. (The type of target used for each element is given in 
Table I.) 


| | 


| 
’ 
a, as 


8 


Element a | @ 

Zn( 30) 0.567 2.58 2.89 3.29 3.66 
As(33) 0.879 3.09 3.44 | 3.87 4.44 
Se(34) 1.009 ~- 3.69 | 4.17 4.74 
Br(35) 1.144 - 3.95 | 4,49 5.11 
Sr(38) 1.654 — 4.74 | 5.37 6.03 
Zr(40) 2.075 - 5.49 6.09 6.74 
Cb(41) 2.318 | - - 6.52 7.20 
Mo(42) 2.586 6.84 | 7.65 
Pd(46) | 3.869 8.61 9.58 
7M. H. Hulubei, Comptes rendus 201, 544 (1935). 


Studying the Kay, » lines for Kr(36), E. W ilhelmy, Zeits. f. 
Physik 97, 312 (1935), detected a faint new line on the 
short wave-length side of the a; line. Wilhelmy estimates 
in a private communication to the 


authors) that the 





CRATT 





-a2,,& 
2°. y 100 
& f& . 
mm mei T pe ~“ 
P 


rf 
Se 






Aa, 
° e 
is 


INTENSITY 
* 
tT TTT IM11 


Pp 
° 
x 





am 





20 22 a4 26 26 30 32 Ms 36 38 40 42 44 46 


ATOMIC NuMBER 


Fic. 4. Intensity of the Kas, , group of satellites relative 
to the intensity of the Ka, line for elements K(19) to 
Pd(46). The open circles are the present data; the solid 
circles are measurements® by Parratt, reference 2. The 
dashed curve represents Richtmyer’s theoretical pre- 
dictions: The sudden drop (to about $) in the experimental 
curve near Y(39) is quite unexpected. 


measurements of the a3, a3’ and lines for 
elements Cu(29), Zn(30) and As(33), of a3’ and 
a, for elements Se(34) to Y(39), and of a, for 
Rh(45). Attention has been called previously’ to 
the interchange of Hulubei’s notation for the a;’ 
and a, components. That Hulubei detected these 
extremely faint satellites by the photographic 
method speaks well of his care in examining the 
plates and of his effective resolving power. 


IV. MEASUREMENTS 


Wave-lengths 
The wave-lengths of the peaks of the resolved 
satellite components are listed in Table I. These 
TABLE III. Intensities of Ka satellite lines. For each 
element the intensity of the Ka line is taken as 100. No 
correction for the finite resolving power of the crystals has 


been made. (The type of target used for each element is 
given in Table I.) 


| 














3,4 
Element} a |Group| a’ as ay | a; 
zn(30) | 100 | 0.59 | 0.008 | 0.18 | 0.28 | 0.12 
As(33) | 100 | 0.39 | 0.004 | 0.13 | 0.16 | 0.09 
Se(34) | 100 | 0.35 — | 0.14 | 0.13 | 0.08 
Br(35) 100 | 0.28 _ 0.11 0.09 0.075 
Sr(38) 100 | 0.23 - | 0.08 | 0.07 | 0.08 
Zr(40) 100 | 0.044 | — | 0.003 | 0.011 | 0.030 
Cb(41) | 100 | 0.030; — | - 0.007 | 0.023 
Mo(42) | 100 | 0.026! — | 0.003 | 0.023 
Pd(46) | 100 | 0.020 :* — | 0.002 | 0.018 





intensity of this line is 1 to 2 percent of the a intensity. 
This new line, which is much closer to the a line (0.6 X.U. 
separation) than is any of the present lines of the as, « 
group, is not found for any of the elements in the present 
study. 
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Fic. 5. Intensity of each satellite component relative to 
the intensity of the Ka, line. The open circles are the 
present data ; the solid circles are measurements by Parratt, 
reference 2. 


wave-lengths for each element are referred to the 
position of the a, line, the wave-length of which 
is taken from other investigators and is included 
in the table. 

The separations in Av/R units of the satellite 
components referred to the center of intensity 
of the a;, » doublet are listed in Table II and 
shown graphically in Fig. 3 as a function of 
atomic number. The graphs of Fig. 3 are not 
linear; they serve at the present time primarily 
to identify the component lines. 


Relative intensities 

The sensitivity of the satellite intensities to the 
particular background is obvious from the above 
discussion. Especially is this so for the total 
satellite intensity relative to the a; intensity and 
for certain components relative to the intensity 
of the total structure. With the backgrounds that 
the writers have chosen, the satellite intensities 
are as listed in Table III. The ratio of the total 
intensity® of the satellite group to the intensity 
of the a; line is plotted as a function of atomic 
number in Fig. 4. The sudden drop in the curve 
at about Y(39) is quite outside of the uncer- 
tainties due to backgrounds. As yet no theoretical 
explanation of such a drop is in sight : The recent 
theoretical intensity predictions of Richtmyer’® 

5 The relative intensity measurements given in reference 
2 for the satellite group and for each component contain a 
correction for the finite resolving power of the crystals. 
This correction, a reduction of 5 percent in as, 4 group 
intensities from the observed values, accounts for part of 
the difference between the relative intensity measurements 


as plotted in Figs. 4, 5 and 6. 
*R. D. Richtmyer, Phys. Rev. 49, 1 (1936). 
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Fic. 6. Several curious intensity reversals are found 
among the satellite components as shown by this graph 
of the percent intensity of each component relative to the 
total group. The open circles are the present data; the 
solid circles are measurements taken from reference 2. 


agree with experiment surprisingly well for ele- 
ments of atomic numbers Z < 39 but disagree by a 
factor of about five to eight for Z>39. In the 
writers’ opinion a factor of no more than two is 
possible by readjusting the backgrounds. 

The intensities of the individual components 
relative to the a line are plotted in Fig. 5 and 
relative to the satellite group as a whole in Fig. 6. 
None of these several intensity reversals has been 
explained by theory ;?: '° nor was it to be expected 
that the a; and a, components would decrease in 
intensity, leaving the a3’ component to dominate 
the group for the higher atomic numbers. 


Widths and shapes of satellites 


The widths at half-maximum intensity of the 
component satellite lines resolved as in Fig. 2 are 
listed in Table IV. For easy comparison the 


TABLE IV. Full widths, in X, U., at half-maximum inten 
sity of Ka lines. These widths refer to the component lines 
as resolved in Fig. 2. No correction for the finite resolving 
power of the crystals has been made. (The type of target 
used for each element is given in Table I.) 








| 
| 
| } ’ 


Element | ay | a3 | ay, as 
Zn(30) 0.52 0.90 0.98 1.10 
As(33) 0.43 0.61 0.68 0.78 
Se(34) | 0.41 0.61 0.66 0.70 
Br(35) 0.40 0.60 0.64 0.67 
Sr(38) 0.37 0.51 0.53 0.55 
Zr(40) 0.34 - 0.43 0.45 
Cb(41) 0.34 0.40 0.41 
Mo(42) 0.33 - 0.37 
Pd(46) 0.31 - 0.34 
© FE. H. Kennard and E. G. Ramberg, Phys. Rev. 46, 


1040 (1934). 
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observed widths of the a; lines'' are included in 
the table. For some components the uncertainty 
in the satellite widths is rather large, perhaps 50 
percent. As the widths are listed, the ratio of 
satellite widths to the a; width decreases with 
increasing atomic number. 

As in the previous study,’ very little can be 
said about the shapes of the individual com- 
ponents. The component lines were assumed to 
be roughly symmetrical. As these lines are drawn 
in Figs. 2 of the present and previous studies, the 
shapes approximate more nearly Gaussian error 
curves, vy = pe~**’, than they do classical dispersion 
curves, y=a(1+.?/b*)—'. While the satellite con- 
tours are not known in these studies with suffi- 
cient accuracy to the component 
shapes, it might be in point to say that attempts 
to apply the dispersion curve to the satellite 
components of the Kas, 4 group for Ti(22) and 
Zn(30) and of the La3_; group” for Ag(47) lead 

[In most cases just one ionization curve of the a line 
was recorded and no especial care was taken in measuring 
accurately (within, say, 6 or 7 percent) the a line widths. 
The case of Mo is an exception: The Mo Ka; line width 
was measured many times with considerable care in a 
study of the effective resolving power of the crystals. 
Except for this excessively wide Mo Ka, line (with an 
estimated observational error of +2 percent) one might 
conclude from the (1, +1) widths of the a lines in Table 
IV that the present crystals were ‘‘perfect’’ crystals of 


Class I.4 
2 L, G. Parratt, Phys. Rev. 50, 598 (1936). 


determine 
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to the necessity of assuming additional com 


ponents, components for which there are no 
specific irregularities in the ionization curves, to 
account for the observed contours. The writers do 
not believe that the present evidence for any 
particular line shape can serve to justify such a 


method of component analysis. 
V. EFFECTS OF CHEMICAL COMBINATION 


No direct tests the of 
combination have been made in this study. In 


of effects chemical 
view of previous tests of these effects, one would 
not expect them to be very large in the present 
range of elements. But, in view of the present 
work, Figs. 4 and 5, the sharp and anomalous 
drop in satellite intensities near Sr(38) warrants 
further examination. The abruptness of this 
intensity drop depends on the measurements for 
Sr(38). (See Figs. 4 and 5.) In the previous 
measurements,’ the satellites for Sr(38), with a 
strontium-oxide target, were observed to have 
considerably less intensity 4) than is 
indicated by the present data with a metallic 
strontium target. Unfortunately, there is a large 


(Fig. 


uncertainty in the previous Sr(38) curves and no 
definite conclusions can be drawn. However, it 
appears that here, if anywhere, the effects of 
chemical combination in x-ray satellite lines may 
be profitably studied. 
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Atomic Wave Functions for Two Stages of Ionization of Silicon* 


H. L. Dontey, Brown University,+ Providence, R. I. 


(Received September 30, 1936) 


Normalized one-electron wave functions and the corresponding fields, accurate to four 
decimal places, have been calculated by the self-consistent field method for the ions Si*? and 


Sit’, The values of the energy parameter associated with the various self-consistent field cal- 


culations have been compared with experimental values of the energy levels v/R. The extent to 


which the core wave functions for silicon are perturbed by the addition of an extra 3s electron 


DECEMBER 1, 1936 PHYSICAL 
is noted. 
INTRODUCTION 
HE purpose of this paper is to tabulate 
atomic wave functions which were obtained 
by the “self-consistent” field method for the 


* Part of a thesis submitted in partial fulfillment of the 
requirements for the degree of Doctor of Philosophy in 
the Graduate School of Brown University. 

t Now at RCA Manufacturing Company, Camden, 


New Jersey. 


ionized silicon states, Sit? and Si**. Wave func- 
tions for the core, Sit, have already been com- 
puted by McDougall.'! With results for the core 
available, it seemed interesting to examine the 
extent to which the core wave functions for this 
atom are perturbed by the addition of the outer 
groups of electrons. Also, silicon is in the middle 





1 J. McDougall, Proc. Roy. Soc. A138, 550 (1932). 
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of the third row of the periodic table and it 
was thought that results on this atom would be 
desirable for interpolation and extrapolation 
purposes for work on other atoms of this series, 
especially since some work has been done on 
both sodium and chlorine by Hartree.” 


METHOD OF THE CALCULATIONS 


The Hartree method of solving the wave 
equation under the assumption that each electron 
in an atom moves in a central field is now so 
well understood that it needs no discussion here.* 
It suffices to repeat that the object of the method 
is to find by successive approximations a field 
for an atom such that the wave functions for 
the electrons in that field give a distribution of 
charge which, with the nucleus, reproduces the 
field. Such a field is then called the self-consistent 
field. Slater and Fock’ have independently dis- 
cussed the approximations involved in con- 
sidering the true wave function for an atom as 
given by the Hartree theory. 

The procedure followed in the application of 
the method to the present computations will be 
briefly considered here. It differs from the one 
recommended by Hartree in that it was found 
satisfactory to work with Z, (the effective 
nuclear charge for potential)’ throughout the 
process of successive approximations. More- 
over, the calculation of the contributions to Z 
(the effective nuclear charge)® from the various 
electron groups was neglected until the final 
approximation had been made. Furthermore, in 
establishing the join of outward and inward 
integrations of the proper Schrédinger equation, 
independent integrations were carried through 
for each case in place of the use of the variation 
method.* This scheme made possible the ready 
detection of any numerical errors which had been 
made in a preceding approximation. It also 
kept the necessary interpolations at any stage of 
the calculations a minimum, which, in itself, 
is a time saver in extensive computations of this 
sort. The successive approximations to the self- 


2D. R. Hartree, Proc. Roy. Soc. 24, 89 (1928). 

* For a survey of method see Hartree, Proc. Roy. Soc. 
A141, 282 (1933). Also see reference 2. 

‘J. C. Slater, Phys. Rev. 35, 210 (1929); V. Fock, 
Zeits. f. Physik 61, 126 (1930). 

* Cf. Hartree, reference 2, p. 

° Cf. Hartree, reference 2, p. 
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consistent field were in general made by taking 
as initial field for the next approximation the 
final field of the previous approximation. The 
successive approximations were continued until 
it was certain that the field would be reproduced 
to four decimal places upon the next approxi- 
mation. 

We outline briefly the method by which initial 
fields were calculated in order to begin the 
successive approximations to the self-consistent 
field. 

First of all McDougall’s' work on Si*™, i.e., 
the electron configuration (1s)?(2s)?(2p)*, was 
repeated to obtain the Z, contributions from 
the various electron groups for smaller radial 
intervals, and numerically to one more decimal 
place than are quoted in his paper. Only one 
approximation was needed to establish general 
agreement with McDougall’s results, and exact 
agreement to the accuracy given by him would 
have resulted had the author carried through 
one or two more approximations. However, it 
was unnecessary to have exact results for the 
core to be of use in calculating the initial fields 
for the silicon states Sit* and Si*®, whose elec- 
tron configurations are (1s)?(2s)*(2p)*(3s) and 
(1s)?(2s)?(2p)*(3s)*, respectively. 

Sit? was the first case considered.’ The initial 
field with which to start the approximations was 
obtained as follows: The case of the 3s electron 
in the undisturbed field of the core was solved* 
using the results obtained for Si**. A field was 
computed for the core plus this electron. Another 
3s electron was then added to the system, and 
a field calculated for this electron in the field 
previously obtained. This final field was taken as 
an initial field with which to begin the first 
approximation to Si**. To establish self-con- 
sistency for this ion, ten successive approxima- 
tions were made with the exception of the 1s 
group. The field for this group was reproduced 


7 It would have been simpler to calculate first the wave 
functions and self-consistent field for Sit*. The calculations 
were made in the reverse order because it was originally 
planned to pass from Si** to neutral silicon, omitting the 
intermediate stages Si** and Si*. Instead, results for Sit* 
were obtained rather than those for Si. 

8 Incidentally, the inward and outward solutions of the 
wave equation joined satisfactorily for «=3.0933 atomic 
units. This e-value is comparable with that given for the 
3s term by McDougall in his paper, since he obtained the 
optical terms of Si** by considering that the electrons 
3s, 4p, etc., do not disturb the core. 
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upon the second approximation and it was 
unnecessary to consider it again until the final 
approximation. 

For the configuration (1s)*(2s)*(2p)*(3s), i.e., 
Sit, the initial field was set up by interpolation 
between the results for the field of the ion Sit 
and the core field of Si*?. This roughly accounted 
for the perturbation of the core introduced by 
the single 3s electron in Sit**. With this field for 
the core the approximations to the self-con- 
sistent field were started by estimating a field 
for the 3s electron from that of (3s)? in Si* 
The process of successive approximations (six for 
this ion) was continued until it seemed fairly 
certain that Z, for the ion would be reproduced 
upon one more approximation. After two ap- 
proximations (Z,):,9 and (Z,)3, 9 were prac- 

TABLE I. Normalized wave functions, P(a/r), 
for Si*® and Si*, 


P(1s/r) P(2s/r) P(2p/r) P(3s/r 


r sit? Si* Si*? Si* Si* Si* Sit? Si? 
0.00 |0 \0 0 0 0 0 0 0 

0.01 |0.8844/0.8845 0.2273, 0.2277|0.0077)\0.0077 0.07 16 0.0772 
0.02 |1.5387/1.5388) 0.3931} 0.3938/0.0286/0.0287 0 1237] 0.1335 
0.03 |2.0087 2.0088} 0.5077) 0.5086/0.0601/0.0603; 0.1597 0.1723 
0.04 |2.3319}2.3320) 0.5798} 0.5808/0.1000/0.1002 0.1822!) 0.1965 
0.05 | 2.5390/2.5392} 0.6168) 0.6179/0.1463/0.1467| 0. 1936} 0.2088 
0.06 |2.6551}2.6552) 0.6250) 0.6260/0.1974|0.1980} 0.1958 0.2111 
0.07 2 7003| 2.7004; 0.6096; 0.6106)0.2520)0.2528) 0.1905 0.2054 
0.08 |2.6912/2.6913 0.5751] 0.5760/0.3091/0.3100| 0.1791 0.1930 

| 


| eae 
| 





0.10 |2.5609)|2.5609 0.4637} 0.4644 |( 8} 0.1427 0.1538 


).4266)0.427 
0.12 |2-3420 2.3421} 0.3148) 0.3152)0.5438/0.5454| 0.0945 0.1017 
0.14 |2.0846/2.0846| 0.1459) 0. 1459/0.6567/0 6585; 0O 0400) 0.0428 
0.16 | 1.8192) 1.8192) —0.0307| —0.0311/0.7624)|0.7645| —0.0168} —0.0185 
0.18 | 1.5641) 1.5641) —0.2063| —0.2069/0.8590|0.8613) —0.0728) —0.0790 
57/0.9481 


0.20 | 1.3292 1.3292) —0.3748) —0.3757|0.945 .9481) —0.1262) —0.1366 


—0.2401) —0.2593 


| | 
0.25 |0.8527|0.8526| —0.7428| —0.7443) 1.1165) 1. 2 
527 278| —0.3199) —0.3450 
u 
¢ 


1 

0.30 |0.5273)0. 3} — 1.0181) — 1.0199) 1.2250) 1.2 

0.35 0.3183 0.3183) — 1.2018} — 1.2037) 1.2806) 1.2 

0.40 |0. 1890/0. 1889) — 1.3069/ — 1.3088 1.2943) 1 2 

0.45 |0.1108/0. 1108) — 1.3495) — 4.3511) 1.2765) 1.2 
| 


—0.3654| —0.3935 
66) —0.3806| —0.4091 
2783) —0.3707| —0.3975 





0.5 |0.0644)0.0644| — 1.3450] — 1.3463] 1.2362) 1.2374| ~0.3411) —0.3644 
0.6 |0.0214/0.02 14) — 1.2454] —1.2458) 1.1148) 1.1150] —0.2410} —0.2541 
0.7 |0.0070/0.0070| — 1.0853] —1.0848/0.9696|0.9688| —0.1102) —0.1106 
0.8 |0.0023/0.0023| —0.9095| —0.9084/0.8227/0.8210} 0.0316) 0.0441 
0.9 |0.0007|0.0007| —0.7418] —0.7401/0.6855/0.6833| 0.1715) 0.1959 
| | | | | 

.0 |0.0002/0.0002| —0.5930| —0.5911/0.5634/0.5606) 0.3014) 0.3360 

2 |o 0 —0.3632| —0.3611)0.3687|0.3657| 0.1553) 0.5631 

4 —0.2137| —0.2118]0.2340/0.2311| 0.6600} 0.7104 

6 —0.1224] —0.1207/0.1453/0.1427| 0.7389) 0.7837 

~0.0687| —0.0674/0.0887/0.0866| 0.7650| 0.7973 

0 —0.0380] —0.0370/0.0535/0.0520| 0.7516) 0.7679 


—0.0208] —0.0201/0.0320|0.0306| 0.7112 0.7105 
-0.0113| —0.0108/0.0190/0.0180| 0.6543 0.6375 
—0.006 1) —0.0058/0.0112|0.0105; 0.5889; 0.5583 
—0.0033| —0.0030 quae woe 0.5206} 0.4793 


NNNNN eee ee 
oo 


DAM 


3.2 | ~0.0009| —0.0008/0.0022/0.0020) 0.3904) 0.3371 
3.6 | -0.0003| —0.0002)0.0007|0.0006| 0.2807| 0.2260 
4.0 | —0.0001| —0.0001]0.0002|0.0002 0.1955] 0.1461 
4.8 o |o lo lo | 0.0884) 0.0564 
5.6 0.0374; 0.0201 
6.4 0 0151/ 0.0068 
on 0.0059 0.0022 
8.0 0.0022 0.0007 
8.8 0.0008 0.0002 
9.6 0.0003) 0.0001 
10.4 0.0001 0 

11.2 0 


DONLEY 


tically self-consistent, therefore, (Z,)2, 9 and 
(Z,)2, 1 were made approximately correct before 
the 1s and 3s electrons were again considered. 


RESULTS 


Tables I, II, III and IV present, respectively, 
normalized wave functions, i.e., P(a/r) values 
for the two stages of ionization considered, the 
contributions to Z, from the various electron 
groups, their contributions to the effective 
nuclear charge, Z, and finally the values of the 
energy parameter e. 

The values listed in Tables I, II, III have been 
rounded off from the values obtained on the 
calculation sheets where one and sometimes two 
more significant figures appear than in the tables. 
Although the successive approximations to the 
self-consistent field were continued until initial 
and final fields, i.e., otal Z, for the ion, differed 


TABLE II. Self-consistent field for Si*® and Si**; contributions 
. ce - , 
to Ze from Is, 2s, 2p, 3s groups. 


r Si*? Si Si*? Sit Si*? Si*s Si*? 


0.00 | 2.0000 | 2.0000 | 2.0000 | 2.0000 | 6.0000 | 6.0000 | 2.0000 | 1.0000 


0.01 | 1.7307 | 1.7308 | 1.9503 | 1.9502 | 5.8556 | 5.8553 | 1.9869 | 0.9930 
0.02 | 1.4767 | 1.4767 | 1.9016 1.9014 | 5.7112 | 5.7105 | 1.9738 | 0.9860 
0.03 | 1.2459 | 1.2458 | 1.8544 | 1.8541 | 5.5668 | 5.5658 | 1.9609 | 0.9791 
0.04 | 1.0417 | 1.0416 | 1.8088 | 1.8085 | 5.4225 | 5.4212 | 1.9482 | 0.9723 
0.05 | 0.8646 | 0.8645 | 1.7650) 1.7646 | 5.2784 | 5.2767 | 1.9356 | 0.9656 
0.06 | 0.7131 | 0.7130 | 1.7227 | 1.7223 | 5.1345 | 5.1325 | 1.9232 | 0.9590 
0.07 | 0.5852 | 6.5851 | 1.6817 | 1.6812 | 4.9910 | 4.9886 | 1.9109 | 0.9524 
0.08 | 0.4781 | 0.4779 | 1.6417 | 1.6412 | 4.8481 | 4.8454 | 1.8987 | 0.9459 
0.10 | 0.3155 | 0.3154 | 1.5641 | 1.5635 | 4.5645 | 4.5611 | 1.8745 | 0.9331 
0.12 | 0.2058 | 0.2057 | 1.4882 | 1.4875 | 4.2853 | 4.2813 | 1.8506 | 0.9204 
0.14 | 0.1330 | 0.1330 | 1.4130 | 1.4122 | 4.0120 | 4.0074 | 1.8266 | 0.9077 
0.16 | 0.0854 | 0.0853 | 1.3380) 1.3371 3.7461 | 3.7409 | 1.8027 | 0.8950 
0.18 | 0.0545 | 0.0544 | 1.2630 | 1.2621 | 3.4889 | 3.4832 | 1.7788 | 0.8823 
0.20 | 0.0346 | 0.0346 | 1.1883 | 1.1872 | 3.2415 | 3.2354 | 1.7549 | 0.8697 
| | 
0.25 | 0.0110 | 0.0109 | 1.0048 | 1.0036 | 2.6713 | 2.6643 1.6956 | 0.8382 
0.30 | 0.0034 | 0.0034 | 0.8323 | 0.8309 | 2.1752 | 2.1677 1.6374 | 0.8074 
0.35 | 0.0011 | 0.0011 | 0.6768 | 0.6753 | 1.7538 | 1.7461 | 1.5809 | 0.7776 
0.40 | 0.0004 | 0.0004 | 0.5418 | 0.5402 | 1.4024) 1.3948 | 1.5262 | 0.7489 
0.45 | 0.0001 | 0.0001 | 0.4279 | 0.4264 | 1.1138 | 1.1065 | 1.4734 | 0.7212 
| 

0.5 0.0001 | 0.0001 | 0.3342 | 0.3327 | 0.8794 | 0.8726! 1.4221 | 0.6944 
0.6 0 0 0.1984 | 0.1971 | 0.5407 | 0.5351 | 1.3226 | 0.6425 
0.7 0.1145 | 0.1135 | 0.3275 | 0.3231 | 1.2251) 0.5918 
0.8 0.0647 | 0.0640 | 0.1961 | 0.1928 | 1.1281 | 0.5413 
0.9 0.0360 | 0.0355 | 0.1163 | 0.1139 | 1.0312 | 0.4909 
1.0 0.0198 | 0.0194 | 0.0685 | 0.0668 | 0.9350 | 0.4410 
1.2 0.0058 | 0.0056 | 0.0233 | 0.0225 | 0.7494 | 0.3452 
1.4 0.0016 | 0.0016 | 0.0077 | 0.0074 | 0.5812 | 0.2599 
1.6 0.0005 | 0.0004 | 0.0025 | 0.0024 | 0.4375 | 0.1887 
1.8 0.0001 | 0.0001 | 0.0008 | 0.0008 | 0.3207 | 0.1327 
2.0 0 0 0.0002 | 0.0002 | 0.2298 | 0.0907 
2.2 0.0001 | 0.0001 | 0.1614 | 0.0605 
2. 0 0 0.1115 | 0.0395 
2.6 0.0758 | 0.0253 
2.8 0.0509 | 0.0159 
3.2 0.0222 | 0.0061 
3.6 0.0093 | 0.0022 
4.0 | 0.0038 | 0.0008 
4.8 | 0.0006 | 0.0001 
5.6 | 0.0001 | 0 

6.4 |0 

| 
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by no more than 2 in the fifth decimal place, it is 
expected that the results here given diverge 
from the actual self-consistent field values by not 
more than a unit in the last figure tabulated. 
Total Z and Z, values have not been listed since 
they are merely the sums of contributions of the 
various electron groups. The intervals used 
throughout the computations were one-half the 
length of those tabulated.° 

The extent to which the core wave functions 
are altered by the addition of outer groups of 
electrons can be seen by comparing the P values 


TABLE III. Contributions to Z of the various electrons in 
Si*? and Sit 


ls group 


r Sit? Si* Si*? Ss Si*? Si*3 Si*2 Sit 
0.00 | 2.0000 | 2.0000 2.0000 2.0000 6.0000 | 6.0000 | 2.0000 | 1.0000 


9996 | 1.9996 | 6.0000 | 6.0000 
9976 | 1.9976 | 6.0000 0000 


2.0000 | 1.0000 
9998 | 0.9999 


0.01 | 1.9944 | 1.9944 
0.02 | 1.9635 | 1.9635 


9965 | 0.9980 
9959 | 0.9976 


9937 
9889 


9937 
5.9890 


9648 | 1.9647 
9578 | 1.9576 


0.07 | 1.4048 | 1.4047 
0.08 | 1.2590 | 1.2590 


0.03 | 1.8992 | 1.8992 9935 | 1.9934 | 5.9999 | 5.9999 9994 | 0.9996 
0.04 | 1.8039 | 1.8039 9875 | 1.9874) 5.9995 | 5.9995 9988 | 0.9993 
0.05 | 1.6844 | 1.6843 9803 | 1.9802 | 5.9986/ 5 

0.06 | 1.5487 | 1.5487 9725 | 1.9724 | 5.9968 | 5.9968 9973 | 0.9985 


> 
1 
1 
1 

9985 | 1.9981 | 0.9989 
1 
1 
1 


non 


2 1.9948 | 0.9970 
9439 | 1.9942 | 0.9967 
9002 | 1.9940 | 0.9966 

1 
1 
1 


9468 | 1.9466 9726 9725 
9406 | 1.9403 | 5.9442 


0.10 | 0.9810 | 0.9809 5 
5 
9383 | 1.9381 | 5.9008 


1 
0.12 | 0.7395 | 0.7394} 1 
0.14 | 0.5430 | 0.5429 | 1 
0.16 | 0.3904 | 0.3903 | 1.9381 | 1.9379 8392 9940 | 0.9966 
1 7597 9939 | 0.9965 
1 6612 9935 | 0.9963 


8401 
7610 
6631 


0.18 | 0.2759 | 0.2758 9374) 1.9372 
0.20 | 0.1922 | 0.1922 9339 | 1.9337 


anno 


3366 9900 | 0.9942 
9197 9819 | 0.9895 


0.25 | 0.0742 | 0.0742 9008 | 1.9004 3401 1 
1 

4437 | 1.9700 | 0.9826 
1 
1 


1 5 

0.30 | 0.0273 | 0.0273 | 1.8212 | 1.8205 | 4.9251 

0.35 | 0.0097 | 0.0097 | 1.6961 | 1.6950 | 4.4512 
1 3 9422 9559 | 0.9744 
1 3 4433 9416 | 0.9662 


0.40 | 0.0034 | 0.0034 5372 | 1.5356 | 3.9516 
0.45 | 0.0012 | 0.0012 3595 | 1.3575 | 3.4542 


ww ee 


0.5 | 0.0004 | 0.0004 | 1.1771 | 1.1747 | 2.9794 | 2.9673 | 1.9289 | 0.9589 
0.6 | 0.0001 | 0.0001 | 0.8375 | 0.8346 | 2.1449 | 2.1318 | 1.9113 | 0.9490 
0.7 | 0 0 0.5641 | 0.5612 | 1.4911] 1.4783 | 1.9047 | 0.9454 
0.8 0.3646 | 0.3620 | 1.0087 | 0.9972 | 1.9041 | 0.9451 
0.9 0.2282 | 0.2261 | 0.6675 | 0.6578 | 1.9017 | 0.9434 
1.0 0.1393 | 0.1376 | 0.4338 | 0.4260 | 1.8901 | 0.9361 
1.2 0.0489 | 04480 | 0.1755 | 0.1709 | 1.8200 | 0.8937 
1.4 0.0162 | 0.0158 | 0.0679 | 0.0654 | 1.6785 | 0.8105 
1.6 0.0052 | 0.0050 | 0.0254 | 0.0242 | 1.4799 | 0.6971 
1.8 0.0016 | 0.0015 | 0.0093 | 0.0087 | 1.2515 | 0.5708 
2.0 0.0005 | 0.0005 | 0.0033 | 0.0031 | 1.0198 | 0.4474 
2.2 0.0002 | 0.0001 | 0.0012 | 0.0011 | 0.8047 | 0.3375 
2.4 0.0001 | 0 0.0004 | 0.0004 | 0.6176 | 0.2463 
2.6 0 0.0001 | 0.0001 | 0.4627 | 0.1747 
2.8 0.0001 | 0.0001 | 0.3394 | 0.1208 
| | 

3.2 0 0 | 0.1732 | 0.0542 
3.6 0.0834 | 0.0227 
4.0 0.0383 | 0.0090 
4.8 0.0072 | 0.0013 
5.6 0.0012 | 0.0002 
6.4 0.0002 | 0 

7.2 0 


® The additional values as well as values for other useful 
quantities not given here will be gladly supplied upon 
request. Also the nature of the computations are such that 
greater accuracy can be expected in Z and Z, values for 
the various electron groups than for the P values. Hence, 
it is felt that from the limits of accuracy of the calculations 
some significance can be attached to the fifth decimal 
place in the Z, and Z values for the different electron 
groups. 





FUNCTIONS 1015 


[ABLE IV.* One-electron energy parameters. 


« calcula for Si, S S is 

I €ls € r € €ls ~€2p R ob 

sit 141.2 14.13 11.23 3.096 129.97 128.15 (Ka 

Ss 140.26 12.941 10.065 3.0974 130.20 3.318 (3 

si? 139.17 11.893 9.0090 2.2258 130.16 ?.462 (3s? 

* Values listed for Si*™ are those calculated by McDougall (refer- 
nce 1) where the dot signifies that the digit following the last digit 
printed lies between three and seven. Observed »/R for 3s term taken 


from McDougall’s paper; 3s? is from R. F. Bacher and S. Goudsmit, 
liomic Energy States; Ka is from N. Siegbahn, Spektroskopie der 
Rontgenstrahlen. The value (3.096) is that obtained for eg, in Sit by 


McDougall neglecting the disturbance of the core caused by the addi- 


tion of the 3s electron 


given in Table I with those calculated by 
McDougall'® for Si*. It is to be noted that, in 
general, the core functions for Si** are closer to 
those for Sit? than to those for Si**. The maxima 
and minima in the core functions for the three 
stages of ionization occur at the same radii for 
all three. From a study of the differences of the 
core functions for the three stages and by the 
use of nonlinear extrapolation at most radii, 
core functions for Sit and Si could be obtained. 
These would probably be accurate to at least 
two decimal places, and it is thought that the 
core functions for the neutral atom would not 
differ, to the accuracy stated, appreciably from 
those for Si*. 

The calculated values of ¢ for Si** and Si*? in 
Table IV are given to five significant figures with 
an expected variation from 1 to 3 in the last 
figure listed. The accuracy in «4, is probably 
greater and those values are assumed to be 
correct as given. For convenience in comparison, 
the values of ¢ calculated for Sit (cf. McDougall, 
reference 1) have been included. It is to be noted 
that the e-value for the 3s term is 3.0974 which 
is to be compared with the observed value 3.318. 
Without taking into account the perturbations 
of the core introduced by the 3s electron, 
McDougall obtained a value about 3.096 for the 
3s term, whereas, the author obtained a value 
3.0933.8 Thus, the increase in the energy is 
approximately 0.004 by considering the per- 
turbations of the core and judging from Mc- 
Dougall’s results this increase is only 0.001. 
It would seem then, that for optical terms at 


10 Cf. McDougall, reference 1. For comparison, it would, 
of course, be more satisfactory to list McDougall’s values 
here, but this would mean additions to already extensive 
tables. 
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least, the slightly better agreement with experi- 
ment does not justify the added labor involved 
in considering the core disturbed by the extra 
electron. 

It is well known that the values of ¢ calculated 
by the self-consistent field method compare 
favorably with the corresponding optical or 
x-ray terms. This comparison is, however, only 
an empirical one because the calculated € is 
strictly only the value of the energy parameter 
associated with a given wave function in a 
central field, the field of the nucleus and the other 
electrons. In the calculation of frequencies of 
x-ray lines, for instance, it is necessary to calcu- 
late the difference between the energy of the 
atom before the emission of the line and after 
the emission of the line. In spite of limitations 
the difference ¢€,;,—€2, does compare favorably 
with Ka observed for silicon. This case is the 
only one where any calculations made here can 
be compared with observed x-ray terms, since 
we do not have e;, or the higher energy levels. 
Also, ¢€3,(Sit?) is in fair agreement with the ob- 
served value for the 3s? term, 2.462 atomic 
units. A more adequate comparison between 
calculated « values and experiment can be made 
only when the calculated ¢’s are corrected for 
energies arising from the interaction terms. It is 
possible to apply formulae developed by Slater"! 
and by Hartree and Black” to correct the « 
values obtained by the self-consistent field calcu- 
lations, and to compute the total energies. Spin 
and relativity corrections can be evaluated from 
formulae given by Hartree (cf. reference 2, 
p. 104). These corrections to the ¢ values listed 
in this paper must await further calculations. 
It is also to be emphasized that the present 
paper does not take into account the polarization 
of the core by the outer electrons. 

In Fig 1, the separate contributions to the 
radial charge density from the different groups 
of electrons are shown together with the total 
radial density, —dZ/dr, obtained from the wave 
functions of Table I. It will be noticed that the 





uJ. C, Slater, Phys. Rev. 34, 1293 (1929). 
2D. R. Hartree, and M. M. Black, Proc. Roy. Soc. 
139, 311 (1933). 
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Fic. 1. Radial distribution of charge for Si** and Si 
and contributions from various groups. Radial density 
—dZ/dr in electrons per atomic unit plotted as a function 
of radius r in atomic units. Dashed lines, contributions 
from is, 2s, 2p, 3s groups to total for Si**. The 3s curve 
is contribution of 3s electron to total for Si**. Continuous 
line, total for Si**. Dotted line, total for Sit’. Strictly, 
the contributions from the core should be plotted as well 
as 3s, but the core contributions lie so near those for Si* 
that they have been omitted. The scale of ordinates for 
3s, 3s? is 1/10 that shown. 


first maxima in the curves for the ions occur at 
the value of r for which the 1s contribution is a 
maximum ; the second maxima fall at a value of r 
slightly greater than the radius for which the 2p 
contribution is a maximum, the maxima for ions 
being displaced toward greater r due to the 
maxima in 2s, 3s? and 3s at greater r. The 
presence of the maximum in 3s? at r=1.8 
atomic units is only large enough to cause a 
flattening out of the curve for the ion. 

In conclusion the author wishes to express his 
most sincere thanks to Professor R. B. Lindsay 
for his sustained interest and encouragement 
during the progress of the work. He also wishes 
to thank Dr. F. E. White and Mr. C. R. Lewis 
for their kind assistance in checking some of the 
calculations. The major portion of this work was 
done while the author was the recipient of a 
Brown University fellowship. 
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The Low Electronic States of Simple Heteropolar Diatomic Molecules 


I. General Survey 


ROBERT S. MULLIKEN, Ryerson Physical Laboratory, University of Chicago, Chicago, Illinois 
(Received August 13, 1936) 


The three lowest energy states of molecules He, Me, and 
MH are here deemed more or less analogous and labeled 
N, T, V; these are respectively of the types 'Z*, *=*, '=* 
States N, T and V must exist also in all other uni-univalent 
molecules, e.g., Xx, XY, HX, AgX, MX (M =alkali metal 
atom, X or Y =halogen atom). The characteristics of the 
states N, T, V (polarity, ionicness, etc.) are surveyed. 
Only in Hg, is state T yet known empirically; N is the 
normal state always; V is to be identified with a state 


1. INTRODUCTION 


HE primary object of the present papers is 

a study of the low energy electron levels of 
uni-univalent diatomic molecules, especially 
those of the types MH, HX, AgX, MX, with the 
object of finding how the energies and other 
characteristics of analogous electron states 
change as one goes from the homopolar to the 
heteropolar case (X =halogen, M =alkali metal 
atom). This study is based on an interpretation 
of empirical data in relation to theoretical con- 
siderations, and represents in part a continuation 
of work done previously! on molecules of the 
types Xo, XY (X, Y=halogen atoms). 

At present the electronic states of strongly 
heteropolar diatomic molecules are less well 
understood than those of homopolar or slightly 
polar molecules. It. is hoped that the present 
work, by helping to clarify the situation for 
several important special cases of simple uni- 
univalent molecules, will prove valuable for 
further work on other heteropolar types. 

As an interesting by-product, it has been 
found possible to throw light on the theoretical 
background of Franck’s empirical spectroscopic 
criterion? for distinguishing between diatomic 
“atom-molecules”’ and “‘ion-molecules.”’ 

The present paper (I) begins with an intro- 
ductory survey of the characteristics of the low 
energy electron levels of molecules of the types 


'R. S. Mulliken, Phys. Rev. 46, 549 (1934), and earlier 
papers there cited. 

* J. Franck, H. Kuhn and G. Rollefson, Zeits. f. Physik 
43, 155 (1927); J. Franck and H. Kuhn, Bull. Acad. Sci. 
Un. Prov. India 2, 223 (1933). 


known from band spectra in the case of most molecules 
of the types above named. In molecules containing one 
halogen atom, there should be an additional low energy 
group of states (types "II, II), here labeled the Q group. 
Various points connected with the approximation of polar 
diatomic molecule wave functions using atomic orbitals, 
and using molecular orbitals, are discussed. Difficulties 
and arbitrariness inherent in the definition of polarity and 
ionicness are examined. 


He, Me, MH, HX, AgX and MX. This is fol- 
lowed by sections containing a discussion of 
methods used in constructing approximate wave 
functions, and of the concepts of polarity and 
ionicness. In II there will be a detailed consider- 
ation of the two known states of MH together 
with brief discussion of corresponding states of 
M2, He, CuH, AgH, BeH*, ZnH*. The detailed 
consideration of HX, AgX and MX will follow 
in II. 


2. NATURE OF Low ENERGY ELECTRONIC 
STATES 


For our purposes, the diatomic molecules to 
be considered in the present set of papers are 
built from just two kinds of univalent atoms: 
(a), atoms H, Ag, M, etc. with just one ms elec- 
tron in the outer shell; (6), halogen atoms with 
five np electrons in the outer shell. All electrons 
except the one ms electron in the first case and 
the five np electrons in the second case can be 
classified as inner electrons and neglected in the 
following; except that in Ag and especially Cu 
and Au, the electrons of the just-completed d 
shell are important for some of the low energy 
electron levels. 

We shall first consider the electron configura- 
tions of our molecules using exclusively orbitals 
of the separate atoms, i.e., according to the 
Heitler-London-Slater-Pauling method of ap- 
proach. When an X atom enters a diatomic 
molecule, its p electrons become divided into 
two types, mpo and npr. Only npo enters into 
chemical valence relations, but mp, because it 
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does not differ greatly in energy from npg, i.e., 
like the latter lies ‘‘on the surface,”’ is also im- 
portant when spectra are considered. In the case 
of atoms H, Ag, M, however, we have only the 
nso electron to deal with (or perhaps also nde 
in the case of Ag). 

The catalog of low energy electronic states is 
simplest when we deal with combinations of two 
atoms of the ms type, e.g., He, MH, Moe, AgH. 
It is much more complicated when two halogen 
atoms are involved (Xe, XY), because of the 
presence of two sets of mp7 electrons. An inter- 
mediate degree of complexity occurs when there 
is one halogen atom, which gives one set of npr 
electrons (HX, AgX, MX). 

In predicting low energy electron states of a 
molecule AB, it proves usually to be advisable, 
and sufficient, to consider all states which can be 
built from the normal states of the pairs of 
atoms or ions A+B, A*++B~-, and A~+B?. For 
molecules such as He, MH, Me, this means con- 
sidering only certain electron configurations and 
states which, in terms of the separated atoms or 


ions, may be described as 


ls 


IS+, 38> (npsop)*, '=+; 


RaSCa°MpSOp, “2, “a> 


and (masoa)?, 'Et. (1) 


In case A and B are identical atoms (as in He, 
Mas, ete.), the 'S*+ and *S+ from nsoq-nsop are, 
respectively, the '5*, normal state and a *Z*, 
repulsion state, as is well known through the 
work of Heitler and London on He. Also, when A 
and B are identical, there is of course degeneracy 
between (sq)? and (sg)? for r= © (A++B>~ and 
A~+B*), but for r< this is split up giving a 
‘y+, (lower energy) and a 'D*, (higher energy). 
The wave function of each of these, however, 
corresponds to a 50,50 mixture of ms,’ and nsx’, 
so that for this case (1) is really not correct as 
it stands. If A and B are not identical, then 
A*+B- is lower in energy than A~+B?, if A is 
the more easily ionized of the two atoms. In this 
case (cf., e.g., HM) the '=*+ state (msg)? derived 
from A*+t+B~- may compete with that derived 
from s,-nSp for the position of normal state. 
Whether or not A and B are identical, the four 
electronic states just referred to (three 'Z+, one 
’~*) are important for our considerations. The 


lowest of the '=*+ states will hereafter be referred 
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to as N, the next lowest as V, the highest as Z, 
while the *=* state will be labeled 7. In practice, 
we need not consider the Z state, since it should 
always lie very high in energy, and is experi- 
mentally unknown except probably*® in the case 
of He. In homopolar molecules, state N is of 
homopolar type and V usually of ionic but non- 
polar type. In strongly heteropolar molecules, V 
should be of polar ionic type, V of nearly homo- 
polar type. T is always homopolar in character, 
even when JN is ionic. The molecules Me are 
exceptional in that the V 
mainly of a homopolar type nso-npo, 
than of the ionic type ms”. 

Although the preceding outline of the nature of 
states N, T, V, Z is oversimplified and will need 


state appears to be 


\Y*,, rather 


later to be elaborated, nevertheless it will serve 
for the moment as a convenient basis for our 
main line of thought. 

Turning to molecules of the types MX, AgX, 
HX, Xe, XY, we can in each case expect again 
to find four states N, T, V, Z, plus additional 
states due to the presence of npr electrons. The 
states N, T, V, Z are obtained when for each 
halogen atom the upz electrons form a closed 
shell (npx)*. Such a closed shell, like the inner 
electron shells, does not affect the resultant elec- 
tronic state, and can be neglected for our pur- 
poses. For a neutral halogen atom X, there thus 
remains in this case just one outer electron, in 
the po condition. The number of nfo electrons 
is two for X~, however, while it is zero for X* 
These npo electrons now function exactly like 
the uso electrons of an H or M atom. Thus for 
HX, we have npox:-msoy from H+X, (npox)? 
from H++X~, and (msc)? from H~+X*. These 
give the states '=*+ and *S*+ from po-so, '=*+ from 
(po)?, and 'S* from (sc)?, much as in (1). The 
results for AgX and MX are entirely analogous. 
The two first-mentioned '* states represent NV 
and V (or V and N), the third is Z, while the 
3+ is T. The cases of X» and XY are similar.' 

Numerous additional low energy states can be 
obtained by departing from the cases where there 
is a closed shell npx*. In the HX, AgX, MX types, 
the lowest energy electron levels not involving a 
closed npr‘ shell, and the only such levels which 
will concern us, are states where there are three 


‘Cf. G. H. Dieke, Phys. Rev. 50, 797 (1936). 
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npr electrons. Considering HX again as a typical 
example, we have just the electron configuration 
and states 


(nprx)*(npox)*-mson, *Ile,1,9 and ‘Il. (2) 


Consideration of H*+X™ gives us nothing new, 
since the rx shell has to be completed, giving 
(nprx)*, if we are to have low energy X~, while 
the H~+X* states with incomplete 7x shell are 
too high in energy to be of interest. Analogous 
statements apply to AgX and MX. Hence, in 


addition to the low energy states N, V, and T 


of (1), we need here consider, for molecules HX, 
AgX, MX, only the *II and 'Il states given by (2). 

This group of states will hereafter be desig- 
nated Q. Of the states Q, the multiple level *II 
consists of three substates *IT»e, *IT,, *IT9, of which 
the last is again split into two sub-sub-states 
§JIo+ and *IIo-. In addition, there is the single 
level ‘II. Among all these states, the *IIp+ will 
prove to be of special importance to us, and will 
therefore for convenience here be given the 
special designation Qp. 

The discussion of the states (2) just given, like 
that of (1) above, omits certain complications 
and qualifications which will have to be gone 
into later. 

In the discussion so far, all electron configura- 
tions have been given in terms of atomic orbitals 
of the two separate atoms or ions from which the 
molecule or molecular state in question is 
thought of as formed. This is the Heitler-London- 
Slater-Pauling mode of approach.‘ A much more 
complete understanding of the various electron 
states is obtained if electron configurations are 
also given for them using molecular orbitals for 
the shared electrons, and if we then think of the 
true structure as more or less intermediate 
between those suggested by the two types of 
electron configurations, the degree of approach 
to the one or the other type varying with the 
value of r. 

Making the change to molecular orbitals 
really never needs to affect seriously more than 
two of the electrons in any electron configura- 
tion, in the case of the types of molecules here 
considered, since at most two of the electrons 
are shared to an important degree. Thus ordina- 





*Cf. R. S. Mulliken, J. Chem. Phys. 3, 375 (1935), and 
references given there. 


rily the only electrons for which we shall use 
molecular orbitals are those which in (1) and (2) 
are assigned to uso or upo atomic orbitals 
(valence orbitals) of the separated atoms or ions. 
The npz orbitals are nearly unshared (nearly 
nonbonding), so that the substitution of molec- 
ular orbitals for them usually involves only a 
slight improvement. 

The molecular orbitals to be used for the shared 
electrons are two in number, namely a lower 
energy bonding orbital here called o (or o, in 
homopolar molecules, like He, Me, Xe), and a 
higher energy antibonding orbital here called o* 
(or o, in homopolar molecules). In LCAO ap- 
proximation,‘ these have the following forms: 


o(or o,)=bog+aoat+:::; 


o*(or o,) =a’o, —b’opt+::-, 


with b>a, a’>b’ if atom B is more electronegative 
than atom A, as we shall always assume. In the 
ideal heteropolar case we should have b=a’=1, 
a=b’=0; in the homopolar case (¢,, o.), a=), 
a’=b’® In (3), o, and og refer to the valence 
orbital of atom A or B, i.e., nso for atoms H, Ag 
or M, npo for atoms X. 

In the normal electronic state N of every one 
of the molecules here considered, the two shared 
electrons are both assigned to the molecular 
orbital o of (3). The changing character of the 
molecules as we go from homopolar to hetero- 
polar is then well expressed in the changing 
nature of this orbital. In the extreme heteropolar 
case, it reduces automatically to op, ie., the 
valence atomic orbital of atom B. Thus even 
when we use the molecular orbital viewpoint, 
we here arrive at a description identical with that 
(AtB~ ionic structure) obtained using atomic 
orbitals. A similar coincidence between the 
results of atomic and molecular orbital view- 
points is obtained in the extreme heteropolar 
case also for excited states; this will be discussed 
in the section on alkali halides, in ITT. 

In some earlier papers on hydride molecules 
AH (He, MH, HX, etc.) a special kind of molec- 
ular orbitals, namely united atom orbitals, was 
used exclusively.* Each united atom orbital is 


*Cf. R. S. Mulliken, J. Chem. Phys. 3, 573 (1935). 

®°Cf. F. Hund, Zeits. f. Physik 51, 759 (1928); R. S. 
Mulliken, Phys. Rev. 33, 738 (1929); R. S. Mulliken and 
A. Christy, Phys. Rev. 38, 87 (1931). 
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TABLE I. Electron configurations." 


Mole- Using United Using Molecular 
cule State Atom Orbitals Orbitals 
N '*, Iso,? o,° s.ad. a, 
y *2* lso,2po,, OF x 
H Vy 'z*, lso,2po,, OF u 
Z'z*, 2peo 2 o,, s.ad. oa," 
N' +, o,? s.ad. a2 
M, i ogo, ad. 
y Z*, 70, ad. 
N 13+ nso? o s.ad. ca* 
MH T *3* nsonpo ao* 
. V tS* nsonpo oo* s.ad. o° 
N'Z npo*npr* ox! s.ad. orxta* 
HX _— * 
ahaa T *= nponpri(n+l1)so | omxta 
HF) i V's nponpri(n+1)so | omxto* s.ad. orx* 
QO! 31 npo*npxr*(n+1)so | o*rx*o* 
Like HX, but stronger 
HF N,T,V,Q) Like HX ads. 
AoX 
N o* 3x? 
wd 5 
Mxis | 7 onxio’ | Seet 
J omx'a 
Q 2rx3o* 


Abbreviations: ad. =with considerable or strong admixture of (other configurations); 
Notes: } The fourth and fifth columns of TablejI apply to r values near r, of state 


»* * 2@ i oxt: = . - 
ture; ¢, o*, og, gy, see (3) in text; Ny =Mpry; oy =Mpox. 


Using Separate Atom 
Atomic Orbitals* 
(ionic states A*B 

or A~B* in bold face) 


Dissociation 
Products? 


Is-ls s.ad. 1s? Is+1s (H+H) 


Is-ls Is+I1s 

ls* Is+2e (H+H_’) or 
ls? (H*+H-) 

ls* ad. 

ns-ns ns+ns (M+M) 

ns-ns ns+ns 


ns+np (M+M’) 


ns:npo s.a?. ns? 


Mix. 1s’, 1 Su * Sy 


lsu* Su ls-++-ns 
Mix. \su-nsu, 18x" ls+np (H+M_’) or 


ox wx*: lsu ad. Cx*xx! and 
wx*-1sx? 
oxmx* lsu 
Mix. Cx?2x', 
oxmx': lsu 
ox? rx): lsu ad, 


mp’ +s 
zx*- sy? and mp’ (X-+H*) 
mp +s 


Like HX, except stronger 
ox?rx' ads. and only s. Like 
a.‘ S ade 
oeX -Isu ads. 


HX 


Similar to HF 


mp* (X-+M*) 


Ox*xx! s.ads. Ox rx'+Sy elc. 


ox Tx! NSM | mp>+ns (X+M) 
oxmx'-nsy } See® mp* +ns 
ox? rx? nSy mp’ -+-ns 


s.ad. =with small or rather small admixture of; mix. =mix- 


The third column, for Hz, MH and HX, is applicable for r values near r =0 and, in increasingly rough approximation with increasing r, for larger 
I I 


r values. The sixth ¢ 


olumn is applicable for very large r values and for r= 


2In regard to an improvement of the approximation for the 


larger r values by giving up the electron configuration idea, and using whole atom wave functions instead of atomic orbital electron configuration 


functions, see the last paragraph of Section 2 
4 Using molecular orbitals for MX, we have, nearly, ¢ = mpoy and o* 


tals § In using atomic orbitals for MX, it would be much better for states 7, | 


(see Paper IIT). 


really the limiting case of a molecular orbital, 
approached by the latter as r tends toward zero. 
Although an approximation built up from this 
limiting case is often of value for molecules AH 
(but hardly for other types), it has become 
evident! that the approximation can in general 
be improved markedly if we use, at least for the 
shared electrons, molecular orbitals of a 
specialized character. 

In Table I the electron configurations for the 
low energy electron states of the molecules con- 
sidered in these papers are summarized, omitting 


less 


inner electrons. For each electronic state, the 


3In connection with the } 


state of Hz, Mz and MH, see Paper II for further explanation 


="Soy, giving nearly the same results for 7, V and Q as using atomic orbi 


and Q to write mp “ase ¢ coupling 


Py *NSy for all these, with 


best electron configuration using molecular 
orbitals for the shared electrons is first given, 
then that using exclusively atomic (i.e., separate- 
atom) orbitals. [In the cases He, MH and HX, 
however, the electron configuration is first of all 
given in terms of united-atom orbitals. ] Finally, 
the electron configurations of the dissociation 
products for the given electronic state are in- 
dicated ; here the subdivision of p atomic orbitals 
into po and pz is dropped. 

In general, the descriptions using molecular or 


united-atom orbitals are most nearly correct for 


small r values, those using atomic orbitals for 
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large r values. For dissociation (r= <), and in 
some cases also for large r values short of r= =~, 
the dissociation product electron configurations 
and states are the most nearly correct. 

In connection with Table I, it must be men- 
tioned that in the case of some electronic states, 
for their actual equilibrium r values r, (or for 
moderate r values in the case of unstable states), 
an acceptable approximation to the true wave 
function of a given electronic state cannot 
always be obtained corresponding to a “pure 
electron configuration,” i.e., to a single definite 
electron configuration. Instead, the wave func- 
tion in such cases must be expressed by a linear 
combination of forms corresponding to two or 
more pure electron configurations. In Table I, 
such admixing has been indicated in all cases 
where it is thought to be important near r,. It 
should be especially noted that admixing is 
sometimes important when the electron con- 
figuration is expressed in terms of atomic orbitals 
but not when it is expressed in terms of molecular 
orbitals, or vice versa; or sometimes it may be 
necessary in both cases. It should further be 
noted that admixing changes with 7; using 
molecular orbitals, it increases for, say, r>r.; 
using atomic orbitals, it increases for, say, r<r, 
(cf. Table I, note 1). 

In reality, every many electron wave function 
corresponds of course to an admixture of an 
infinite number of pure electron configuration 
wave functions. In ordinary cases, however, one 
of these, or at worst two or three in the case of 
molecules,* are sufficiently predominant in the 
admixture so that a fairly good approximation 
can be obtained by neglecting all the rest. It is 
these approximations, especially the pure ones, 
in terms of which we ordinarily think. 

Throughout the foregoing discussion in this 
section, it has been tacitly assumed that an 
approximate molecular wave function is to be 
built up of one or more pure electron configura- 
tion approximate wave functions. Although it 
appears necessary in the present survey to 
adopt the point of view corresponding to this 
usual class of approximations, it should be borne 
in mind that better results can, at least in prin- 
ciple although with difficulty in practice, be 
obtained by another class of approximations in 
which coordinates of interelectronic distances 


appear explicitly and the concept of electron con- 
figurations is sacrificed. This method has been 
employed for Hz and Liz by James and Coolidge.’ 
The method as used by these authors might be 
called the whole-molecule approximation, and is 
analogous to the whole-atom approximation as 
carried out by Hylleraas for the He atom. The 
whole-molecule approximation, at least in He, 
bears to the molecular orbital electron con- 
figuration approximation the same relation as 
does the whole-atom approximation to the or- 
dinary atomic orbital electron configuration 
approximation for atoms. 

Among the useful approximations for molec- 
ular electronic wave functions, especially for the 
larger r values, two different types which are 
both extensions of the original Heitler-London 
idea are of importance. One is the Slater-Pauling 
extension, involving the use of separated atom 
atomic orbital electron configurations; the other 
(at least in principle) involves using separated- 
atom whole-atom wave functions (Heitler and 
others). The second of these, when it can be 
adequately carried out, may be considered as a 
refinement on the first, similar to the refinement 
involved in passing from an electron configura- 
tion approximation of an atom or molecule to a 
whole-atom or whole-molecule approximation. In 
the present work, when molecular wave functions 
are constructed from linear combinations of 
A-B, A*B~ and A~B* functions, one should of 
course get better approximations by using whole- 
atom approximations instead of electron con- 
figuration approximations for the atoms A, B 
and ions A*, B+, A~ and B~-. We shall, however, 
for the most part not refer explicitly to this type 
of refinement in the present papers. For the sake 
of comprehensiveness and unity of viewpoint, 
we shall, generally speaking, think in terms of 
electron configuration approximations (cf. Table 
1). Nevertheless, when we refer to wave functions 
of A-B, A*B~-, A~B*, or the like, we shall often 
wish to be ambiguous, leaving somewhat open 
the possibility of improving the approximation 
by using whole-atom or whole-ion approxima- 
tions in constructing these atomic or ionic wave 
functions. Throughout the text of I, IT and III, 


7H. M. James and A. S. Coolidge, J. Chem. Phys. 1, 825 
(1933) on H2; H. M. James, J. Chem. Phys. 2, 794 (1934) 
on Lis. 
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the existence of this tentative ambiguity should 
be tacitly understood by the reader. When, 
however, we refer to energies of A+*+B- or of 
A~+B?* etc. relative to A+B, the energy data 
we actually use (cf. e.g., Table III) will corre- 
spond always to exact whole-atom wave func- 
tions, not to configuration 


approximations. 


simple electron 


~ 


3. POLARITY AND IONICNESS 


Understanding of the electronic structures in 
states V, T, V is clarified by classifying these 
states according to the two qualities of (1), 
polarity, (2), ionicness. Polarity is zero for all 
states of all strictly homopolar molecules (He, 
Mo, Xo, etc.), and is a maximum for the normal 
states of molecules such as the alkali halides 
MX. 

Ionicness is a quality which is necessarily 
strongly present when polarity is strong (e.g., 
normal state of MX), but it can also be present 
even in strictly homopolar molecules. In an 
electronic state of a molecule AB, ionicness is 
present whenever, using atomic orbitals, the 
wave function contains terms corresponding to 
At+B~- or A~B* or both. 

In homopolar molecules, ionic or partially 
ionic states are nonpolar because A*B~ and 
A~B* 


wave function, for reasons of symmetry, are 


terms in the atomic-orbital approximation 


present in equal proportions (cf., e.g., the V state 
of He). Polarity exists when, in an ionic or par- 
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tially ionic state, the A*B~ terms preponderate 

over the A~B*, or vice versa. “Polarity” 

might be defined as ‘‘net ionicness.”’ 
“Ionicness’’ has meaning only with reference 


here 


to electron configurations expressed wholly in 
terms of atomic orbitals (fifth vertical section in 
Table I). 
atomic orbital electron configurations, in which 


Polarity has meaning in terms of 


case it is measured by preponderance of A+B 
over A~Bt or vice versa: but also it has meaning 
when molecular orbitals are used for ‘“‘shared” 
electrons, in which case the polarity of the mole- 
cule is determined largely by the polarity or 
polarities of the molecular orbital or orbitals 
present (cf., e.g., (3) and accompanying dis- 
cussion), and by the numbers of electrons oc- 
cupying them. 

Table II contains a set of rough estimates of 
polarity and ionicness of states N, T, V for 
typical examples of the molecules considered in 
this paper. These estimates are already at least 
qualitatively implicit in Table I, but it seems 
worth while to set them forth more accurately 
and explicitly as in Table II. The basis for the 
estimates given in Tables I and II will be 
discussed in later sections. 

From Table II it will be seen that while the 
polarity of state N increases steadily from the 
homopolar to the heteropolar type of molecule, 
that of state V rises to a maximum in the inter- 
mediate type of molecules, then falls again, while 
the polarity of state J maintains (very nearly) 
the constant value zero. Ionicness behaves in a 


TABLE II. Jonicness and polarity. 


Type of Molecule 


Homopolar Intermediate Heteropolar 

Property State He M, HI MH HF MX 

N 0 0 s(H*) m(M*) m(H*) 1(M*) 
Polarity T 0 0 0 0 0 0 

V 0 0 vs(H*) m(M*) m(H*) vs(M*) 

N s vs s m m l 
Tonicness T 0 0 0 0 0 0 

V l 5 l m m vs 

Abbreviations: s =small, m =medium, | =large, » =very. Notes: The estimates given refer to r =r, for N and V, tor, of N for T. The estimate 


zero does not mean precisely zero except in the case of the polarity of Hz and Mz. Ionicness is small in V of M2 because ms -npo predominates 
in the wave function (cf. Paper II). 
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ras_e II]. Energies of some atomic, tonic and molecular 
states, and r. values, for molecules AB. Energies in 





each case are in electron volts, relative to 
unexcited A+B taken as zero. 
Mol i D ited state 
N | O 

Mole rr 

cule \ 

\B forr=r iN A’+B \ B \ B of r 
H —4.72 + 6.60 10.16 12.82 em 
Li —1.16 0.58 1.84 5.0 2.9, 4.5 
Na —0.77 1.09 2.09 48 3.0, 5.3 
K —0.52 0.94 1.61 4.1 oo 
LiH —2.68 0.59 1.84 4.65 13.2 3.1, 5.1 
NaH | —2.24 0.68 2.09 4.40 13.2 3.3, 6.2 
KH —2.08 0.33 1.61 3.60 13.3) 4.0, 7.2 
AgH | —2.5 3.72 6.82 2.1, 4.6 
HI —3.2 [2.6 10.16 10.3 12.5 1.4 
HF —6.64 10.16 94 20.5 1.5 
Agl —2.1 1.8 3.72 4.3 3.3 
AgBr| —2.6 1.3 3.72 4.0 3.6 
AgCl| —3.1 0.8 3.72 za 15.4 28 
AgF | 3.72 3.4 4.2 
LiBr —4.5 {0.8} 1.84 1.8 14.3 7.9 
CsF — [5.3] {0.8} 4 1.41 —0.3 20.9 > x 
Is a 3.6 0.9 6.740P 10.0 1.4, 2.1 

Notes. ! Energies given for states N and V of any AB are for the 
bottoms of their respective U(r) curves; the energies for state Qo, how- 
ever, are for an r value equal to re of state N. 2 Under “‘A’+B" 
is given the energy of the lowest configurationally excited state of A, 
relative to its normal state The figure given refers to a state 
which is probably a mixture of Qo, V, and another 'Z* state 4 For 
LiBr and CsF and other molecules of type MX (see Paper III), states 
V and Qo are replaced by two nearly 50,50 mixed states. Values 


of r- are obtained by setting U(r) =0 in Eq. (4). When just one value 
of r- is given in Table III, this corresponds to the intersection of the 
normal state curve (unexcited A+B) by the A*B~ curve, with A put 
equal to the value listed under A*+B~ in Table III; when two values 
are given, the first is as just stated, while the second corresponds to 
the intersection of the A’ +B excited state curve by the A*+B™~ curve, 
A then being equal to the difference between the energy values in the 
A*++B~- and A’+B columns in Table III 

similar way, except for state V, where it is often 


large for homopolar molecules. 


4. CRITERIA FOR POLARITY 


The stages of transition from the pure homo- 
polar to the extreme heteropolar type of binding 
in a molecule AB have been discussed by Hund, 
by London, and by Pauling.* In the pure homo- 
polar case, at r= ~, there is degeneracy between 
A++B~- and A~+B*, and both lie so high above 
A+B that they make only a small contribution 
to the wave function of state N for r=r,, al- 
though they are important for state V. With 
increasing polarity, A*+B- comes down and 
A-+B+* goes up in energy (cf. Table III). For 
the most nearly ideal heteropolar cases, A++B~, 
helped by the long range Coulomb attraction of its 
oppositely charged ions, is so low as to dominate 
the wave function of state N. In general, the 


°F. Hund, Zeits. f. Physik 40, 762 (1927); F. London, 
Zeits. f. Physik 46, 472-5 (1928); L. Pauling, J. Am. Chem. 
Soc. 54, 988 (1932); it should be mentioned that Pauling’s 
A-B curves have minima which are much too deep. 


A-B U(r) curve, that is the curve derived from 
A+B, runs nearly horizontal until ¢ is fairly 
small, and the A*B~ curve may come down and 
cross it, so as to become state N, if A*+B> is 
not too far above A+B. 


What has just been called “the A-B curve” is really in 
general one of several potential energy curves derived from 


normal atoms A+B. The one we are interested in is that 


iw 


one which has 'Z* character (in regard to certain compli- 
cations in MX, cf. Paper III). This leads in the less polar 
molecules to state N. From the ions A*+B~, in the cases 
we are interested in, only one curve is derived, and this 


is of '=* character. 


Let us designate by r, the value of r at which 
the A-B curve, assumed horizontal, is crossed 
by the A*B~ curve, assumed given by the Cou- 
lomb law (energy in electron volts, 7 in A), 


U(r) =A —14.30/r. (4) 


The value of r. (cf. Table III) constitutes a 
useful criterion for deciding whether or not a 
molecule in its N state may be expected to be 
predominantly heteropolar (cf. London’). Or in- 
stead of r., the energy interval A from (A+B) 
to (A++B-) (cf. Eq. (4)) may be used as a 
criterion. 

Of course if r., calculated by putting U(r) =0 
in Eq. (4), is small, it no longer gives even 
approximately the crossing point of the A*B 
and A-B curves, since at small r Eq. (4) is inade- 
quate for the former, while the latter is no longer 
nearly horizontal. As a simple rough approxima- 
tion, the A*B~ curve may then be represented 
by the Born-type formula 

U(r) =A —14.30/r+ 8/r", (5) 
and the A-B curve perhaps by a Morse formula. 
Values of 8 and m for Eq. (5) can be taken, in 
the case of substances AB forming ionic crystal 
lattices, from the Born lattice energy formula 
for the substance. Using in part this method, 
Pauling® has plotted approximate A+B~ and A-B 
curves for several molecules of types HX and 
MX. 

Whenever r, as calculated from Eq. (4) is so 
large that one can be sure that the A-B curve 
is still practically horizontal, then one can be 
fairly sure that state N is essentially of A*B 
character. There is, it is true, always a tendency 
for the two curves to interact at and near their 
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crossing point (quantum-mechanical resonance), 
but for our purposes this may be ignored if r 
is fairly large (cf. Hund, London’). In effect, 
state N has in this case a U(r) curve which is 
of character A*+B~ from r=r, to r= x; and the 
molecule in state NV into 
A*++B- if its energy of vibration is steadily in- 
creased. It then conforms to Franck’s definition? 


tends to dissociate 


of an ion molecule. 

When r,. is smaller (perhaps even including 
some cases where the A-B curve is still nearly 
horizontal), the interaction near the calculated 
crossing point may become so strong that it can- 
not reasonably be ignored. Then we obtain two 
new curves which do not cross. This case is 
illustrated by Fig. 1 of Paper II, where a dotted 
hypothetical curve marked LitH™, given by an 
assumed equation of the form of Eq. (5), is shown 
as coming down from above and crossing a dotted 
hypothetical curve marked Li-H. When a suit- 
able interaction between the two dotted curves 
is assumed, one finds that they are replaced by 
the two new (actual) curves N and JV, such that 
the molecule in state N, even though predomi- 
nantly ionic for small r values, goes over smoothly 
into neutral atoms for r= ~. Such a molecule 
conforms to Franck’s definition? of an 
molecule. State V, although predominantly of 
Li-H type for small r according to Fig. 1, be- 
comes ionic (Li+H~) for large r. 

From this discussion one sees that even an 
‘atom molecule’ may have a predominantly (i.e., 
more than 50 percent) ionic and polar wave 
function, for small r values. Or it is possible to 
have the wave function of an atom molecule 
predominantly ionic but not predominantly polar. 
Or it may be predominantly nonionic and non- 
polar, the most usual case. This case always 
exists if the hypothetical A*B~ curve fails to 
cross the hypothetical A-B curve at all. 

It is of interest to examine the values of r. and 
of A for various types of molecules (cf. Table 
III). For the undoubted ion molecules MX, one 
gets r.=6.7A. For the strongly polar atom mole- 
cules MH and AgX, one gets 7,=4.5A. For HX, 
r. is about 1.4 to 1.5A; here, except perhaps in 
HF, there is no real tendency toward crossing. 
The same is true for He, r-=1.1A, and for Ke, 
r-=3.5A; it should be noted that in both cases 
r. is only moderately larger than r, of state N. 


atom 


: Be 





MULLIKEN 


It appears that there is, roughly speaking, a 
critical region of r. values near about 5A which 
marks the border line between atom molecules 
and ion molecules. In practice, known molecules 
at present seem to fall well to one side or the 
other of this line. In theory, however, the line 
is arbitrary, since no sharp distinction between 
crossing and noncrossing of A-B and A*B 
curves can be made. 

Turning to the A values, we find about 10 
volts for HX, 13 volts for He and 4 volts for Ko, 
about 4 volts for AgX and MH, and about 1 
volt for MX. 


between 


These figures suggest that the 
border line ion molecules and atom 
molecules may be rather sharply drawn for an 
A value of about 3 volts. 

Of course the critical values r.=5A and A =3 
volts just suggested should not be taken too seri- 
ously. Especially, the effect of atom or ion size 
should be given consideration. For large atoms 
and ions, the critical r. must be larger and the 
critical A smaller than for small atoms or ions. 
Better than 7, as an index would be r../r,, taking 


r. for state N. 


5. CRITIQUE OF ATOMIC ORBITAL DEFINITIONS 
OF IONICNESS AND POLARITY 

The concept of degree of (gross) ionicness used 
in Table II and Sections 2-4 is really based on 
a rather arbitrary, although simple and useful, 
assumption.® This is, usually, that the molecular 
wave function is to be approximated (cf. Table I, 
column 5), by a linear combination of wave func- 
tions of the types A-B, A*B~-, A~B* (cf. near 
end of Section 2), with the atoms or ions in each 
case taken as in their normal states, and with 
their orbitals undeformed, except possibly for 
symmetrical contractions or expansions. [It 
seems necessary, however, in the case of the V 
state of Me (and possibly for the V state of He) 
to admit also A’: B as an indispensable ingredient 
of the linear combination. Here A’-B for M, 
means M(np, ?P)-M(ns, 2S). ] 

It should of course always be borne in mind 
that the various components we are using here 
for the wave function, especially when ionic and 
atomic states are used simultaneously, are by no 
means fully independent, i.e., not mutually or- 
thogonal. 


’Cf. L. Pauling, J. Am. Chem. Soc. 54, 3570 (1932). 
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‘Degree of ionicness” is definite only to the 
extent that we stick to a definite type of approxi- 
mation. Insofar as one type of approximation 
may reasonably be replaced by another, ‘‘degree 
of ionicness”’ is inherently arbitrary. In judging 
the relative reasonableness of different approxi- 
mations, a fair criterion would seem to be one 
of convergence. For perfect representation of the 
actual wave function, an infinite series would in 
general be needed. That type of series which 
gives a good approximation with a minimum 
number of terms may well be adjudged the best. 
From this point of view, it appears probable that 
the mode of approximation followed here is on 
the whole the best, and that the corresponding 
concept of degree of ionicness is therefore on the 
whole well founded. This is true, however, only 
for moderate and large r values. As r—-0, this 
type of approximation, and the concept of ionic- 
ness, gradually lose all sense. 

Statements similar to the above are applicable 
to polarity (net ionicness), if we use approxima- 
tions based only on atomic orbitals. Polarity can 
also be defined using molecular orbitals (cf. Sec- 
tion 6). ‘‘Degree of ionicness,’”’ however, ceases 
entirely to have a meaning if we use molecular 
orbitals. 

In view of the foregoing considerations, there 
is little point in trying to reduce the concept of 
polarity or, especially, that of ionicness, to a 
quantitative basis. Thus in Table II we have 
described the polarity and ionicness of molecular 
states merely as small, medium or large (s, m or /). 

As an illustration of the difficulties and arbi- 
trariness involved in defining polarity and ionic- 
ness we may consider the type MX. For state N 
the simplest approximation is a pure electron 
configuration M*+X~- wave function built of 
atomic orbitals, with the orbitals of M* and X 
undistorted, except perhaps for a symmetrical 
compression in X~. This approximation has 100 
percent ionicness and polarity. 

Clearly, however, we ought to allow for mutual 
polarization of the two ions, affecting especially 
the X-. In the present type of approximation 
this can be done by admixing M-X in the wave 
function. This reduces both polarity and ionic- 
ness considerably. 

One is tempted, however, to use instead an- 
other pure M*+X~ approximation in which each 


ion is taken as polarized and deformed just in the 
right way to make the wave function exactly 
right for the molecule. This would be possible, 
and the actual molecule would then be classified 
as 100 percent ionic and polar. The approxima- 
tion would, however, be equivalent to having 
used an infinite series of undeformed atomic orbi- 
tals (or atomic states) in order to build up the 
necessary deformed ions M* and X~. A two or 
three-term approximation representing the first 
members of such a series would very likely not 
be as good as the combination of undeformed 
approximate M*+X~ and M-X. 

The same objection would apply, with greater 
force, to various other possible modes of approxi- 
mation, e.g., approximations based on M-X 
functions alone, or still worse, on M~X* func- 
tions alone. Yet it is to be noted that such 
approximations could legitimately be used,® and 
that the molecule would then, in the two cases 
mentioned, be respectively adjudged completely 
nonpolar and nonionic, or 100 percent polar and 
ionic with reversed sign of polarity to the usual. 
The criterion of convergence, however, leads to 
rejection of such approximations on the ground 
of not being sensible, even though admissible, 
as a basis for definition of polarity and ionicness. 

Even the convergence criterion loses its definiteness if 
one sufficiently broadens the type of unit to be used in 
the approximations. In the foregoing, we have kept to 
pure electron configuration forms using central field atomic 
orbitals of the usual Hartree type. If we admit “pure 
electron configurations” based on polarized atomic orbitals, 
i.e., orbitals as of atoms in a suitable external field, then, 
as we have seen, a good approximation could be secured 
from a single M*X~ function, and the molecule could be 
regarded as 100 percent ionic and polar. By the same pro- 
cedure, however, any molecule, e.g., HC! or even He, could 
be made to appear 100 percent ionic and polar. Reacting 
from such possibilities, one arrives at the conclusion that 
if any at all definite meaning is to be attached to the con- 
cepts of ionicness and polarity, one should, for this purpose, 
stick to central field orbitals of the pure s, p, d, f, 
types. 


6. POLARITIES OF STATES N, 7, V DEDUCED 
FROM MOLECULAR ORBITALS 


If we use molecular orbitals (cf. Table I, 
column 4) for the two a electrons which, at least 
in the less polar molecules AB, are shared be- 
tween A and B, the polarity of the molecule can 
be expressed fairly well in terms of the polarity 
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of these orbitals. For to the extent that our 
approximation, using undeformed atomic orbi- 
tals for the ‘‘nonbonding”’ or ‘‘unshared”’ elec- 
trons, holds good, only the shared electrons 
contribute to the polarity of the molecule. 

In states VN, 7, V and Q, we make use of two 
molecular orbitals, called ¢ and o* (cf. Eq. (3)). 
In LCAO approximation, ¢ is more or less polar- 
ized in favor of atom B, o* about equally in 
favor of atom A. [In the homopolar case, of 
course, both o and o* are nonpolar. | Thus, in 
this approximation, the configuration o? which 
occurs in the V state makes this state polar with 
B negative, while configuration oo*, which occurs 
in states V and 7, should make these states 
practically nonpolar. If the LCAO approxima- 
tions for o and o* are replaced by the exact 
molecular orbitals, the conclusion that V and 7 
must be nonpolar becomes less rigorous, but most 
probably remains nearly correct.° 

It is instructive to compare the conclusions 
just reached with corresponding results based on 
the method of atomic orbitals. We may well con- 
sider three cases: (@) homopolar molecules; (0) 
molecules which (in state .V) are of intermediate 
polarity; (c) molecules which (in state NV) are of 
pure A*+B~ character. In case (a) the two meth- 
ods (atomic orbitals, and molecular orbitals), 
although representing different approximations, 
agree in making all states nonpolar. In case (c), 
the two approximations given by the two meth- 
ods automatically reduce to one (state N pure 
polar A*+B~, states V and T pure nonpolar A-B, 

cf. Section 2). 

In case (b), the state 7 is pure nonpolar ac- 
cording to both methods. Since this is true of 
state T also in cases (a) and (c), it appears safe 
to conclude that this state actually is always 
essentially nonpolar. 

For state V in (d), 
appear at first to give contradictory results. 


case the two methods 
Using the simplest admissible approximation in 
each case, the results, for small or moderate r 
values, are as follows. Using molecular orbitals, 


a good one-term approximation is available, cor- 
responding to the pure electron configuration 
oo*. According to this, state V should be non- 
polar. Using atomic orbitals, we cannot in gen- 
eral get along without at least two terms (A-B 
and A*B~) in the approximation. According to 


ROBERT S. 





IKEN 


MULI 
this, state |’ should be more or less strongly 
polar. 

Reconciliation of the contradictory predictions 
of the two methods should be sought in a refine- 
ment of the approximations used. In the case of 
the molecular orbital method, state V can be 
made somewhat polar by admixing some o® from 
state NV. At the same time state N is made less 
polar than before, since it receives some admix- 
ture of oo*, but it should always remain more 
polar than V’. In the atomic orbital method, the 
approximation is refined by admixing some A~B 
thus reducing the polarity. In this way, the re- 
sults of the two methods are brought nearer 
together. By further refinement they could of 
course be made identical. 

It should be borne in mind that the foregoing 
relations change rapidly with 7. For small r and 
presumably up to about r, of state N, the 
molecular orbital method is the more conver- 
gent, requiring probably but a single term (oo* 
for a fairly good approximation. Hence for such 
r values, state |’ should be not very far from 
nonpolar. For these r values, the atomic orbital 
method is not so convergent, two or three terms 
being required for an approximation which even 
then may be not very good. For large r values, 
becomes 


method 


orbital poor, 


the molecular 
losing its convergence, while the atomic orbital 
method gets more convergent. For large 7, state 
V must always go over definitely into a single 
pure atomic orbital configuration type, namely 
A*B~ except in MX. At the same time, NV goes 
over into A-B, except in MX. Thus state V can 
be highly polar for large r values, and in such 
cases N is nearly nonpolar for these r values; 
but for small 7 values V must be nearly nonpolar, 
and certainly less polar than N. 

From the foregoing discussion it seems safe to 
deduce the theorem: for small and moderate r 
values, in nonhomopolar molecules, state V is less 
polar than state N. Applications of this theorem 
will be made in Papers II and III. 

Another relation which may be pointed out 
here is that between the energies of states T and 
V’. So long as the molecular orbital configuration 
go* gives a good approximation for both, i.e., 
for r values from zero up to perhaps near r, of 
state N, 7 should normally lie below V, for the 
same reason that in atoms the triplet normally 
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lies below the singlet state for a given electron 
configuration. For large r, however, where molec- 
ular orbitals no longer give a good approxima- 
tion, this need no longer be true. 

For moderate r values, the necessity of admixing of some 
o with oo* was indicated above in order to get polarity 
in state V. This should tend to raise the energy of V and 
depress that of N, although it must be partly compen- 
sated, as also the polarity, by simultaneous admixing of 
some o*?. The energy of state 7, however, should not be 
raised in this way, since o? and o*? admixture (both '*) 
are impossible for it. Thus T should remain below V, even 
when this polarity difference exists between them. 

In the whole preceding discussion, one impor- 
tant tacit assumption has been made. This is 
that the thing defined as polarity using molecular 
orbitals is essentially the same as that defined 
using atomic orbitals. A critical examination 
shows that the two definitions cannot coincide 
exactly, but that a sufficient degree of agreement 


does exist to confirm the validity of the theorem 


stated in a preceding paragraph, and other quali- 
tative conclusions, e.g., the nonpolarity of state T. 


It does not seem worth while here to go into details in 
proving the correctness of the results just stated. The 
following outline should suffice to show the general method 
of attack. Insofar as we can neglect the difference between 
atomic orbitals of negative ions and like-designated orbitals 
of neutral atoms, and insofar as we can use simple linear 
combinations of these atomic orbitals in constructing 
molecular orbitals (LCAO molecular orbitals), it can be 
shown that any linear combination of '5* type wave func- 
tions corresponding to the pure molecular orbital con- 
figurations o*, oo*, and o* is identical with some linear 
combination of 'S* type wave functions corresponding to 
pure atomic orbital configurations of A*B~, A-B, and 
A~B*; and that predominance in the former case of o? 
which, as we have seen above, is polarized in favor of 
atom B), corresponds to predominance of A*B~ in the 
latter, so that the occurrence and direction of polarity as 
defined in the one method agree with these as defined in 
the other. This relation emerges into obviousness in the 
ideal heteropolar case, where the approximations o? and 


A*B~ have become identical. 








DECEMBER 1, 1936 


PHYSICAL REVIEW 


VOLUME 50 


The Low Electronic States of Simple Heteropolar Diatomic Molecules 


II. Alkali Metal Hydrides* 


ROBERT S. MULLIKEN, Ryerson Physical Laboratory, University of Chicago, Chicago, Illinois 
(Received August 13, 1936) 


Some discussion of the nature of the V level in Hs and 
M:; is first given, then the alkali hydrides are taken up. 
The upper electron state involved in the one well-known 
band system of each of the molecules LiH, NaH, and KH 
isa V state. The exceptional form of its potential energy 
curve (shown by the abnormal band spectrum constants) 
can be explained satisfactorily if we suppose that the 
observed N and V curves result from the strong inter- 
action of two zero approximation curves, one of atomic 
(M-H), the other of ionic (M*H~) character. The situa 
tion is analyzed in detail for LiH. It is shown that the V 
state of LiH, while of only partially ionic character near 


1. He MOLECULE 


HE present paper is the second! in a series 

of three. It is devoted primarily to the 

diatomic alkali hydrides MH. Incidentally to an 

understanding of this type some discussion of He 
and Maz is needed. 

Quantum-mechanical calculations on the nor- 
mal states (VV) of He, Mz and MH have appeared 
in a number of papers.?-* The calculations were 
first made using atomic orbitals (Heitler-London 
method), corresponding in the case of Hz to the 
electron configuration 1s-1s. Later the useful- 
ness in He of a small ionic admixture (H+H~- and 
H-H*, corresponding to perturbation of the 
1s-1s, '=*+, approximate N state by the 1s°, '=*, 
approximate Z state: cf. Paper I and its Table I) 
was pointed out.' A similar admixture can be 
used in Me, but is unimportant. 

Later the advantages of the molecular orbital 


* For a preliminary account, cf. R. S. Mulliken, Phys. 
Rev. 49, 881A (1936). 

1R.S. Mulliken, Phys. Rev. this issue, paper I. 

* For a good general survey of the Hz problem, cf. L. 
Pauling and E. B. Wilson, Jr., Introduction to Quantum 
Mechanics (McGraw-Hill Publishing Co., 1935). In this 
survey, however, the states T*2*, and V !Z*, are errone- 
ously labeled *2~, and '2~, (pp. 353-4). In regard to Hz, 
M2, and MH, cf. also J. H. Van Vleck and A. Sherman, 
“The Quantum Theory of Valence,” Rev. Mod. Phys. 7, 
167 (1935), especially Sections 11, 16. 

*H. M. James and A. S. Coolidge, J. Chem. Phys. 1, 825 
(1933) on He; H. M. James, J. Chem. Phys. 2, 794 (1934) 
on Lip. 

*E. Hutchisson and M. Muskat, Phys. Rev. 40, 340 
(1932), Heitler-London method; J. H. Knipp, J. Chem. 
Phys. 4, 300 (1936), essentially molecular orbital method. 
+ J. C. Slater, Phys. Rev. 35, 514 (1930). 


its minimum, goes over at somewhat larger r values into 
the pure ionic (Li*H~) curve. The WN state of LiH is 
strongly polar near its minimum, but finally goes over 
into a pair of neutral atoms with increasing r. It is con 
cluded that the “additivity” theorem for homopolar bond 
energies is not fulfilled in MH (nor in MX; cf. III). This 
conclusion is forced by the otherwise unaccountably small 
dissociation energy of diatomic MH. N and V levels of 
the molecules BeH*, ZnH* and the like are identified. In 
CuH, AgH and AuH, the presence of d electrons is con- 
sidered responsible for a lack of close analogy to MH. 


approximation were shown,’: +: ° and, in the case 
of He,’ of the related but much more accurate 
whole-molecule approximation (cf. Paper I, near 
end of Section 2). 

By similar methods, the course of the U(r) 
curve of the T state of H» has been calculated 
theoretically and also approximately checked 
experimentally.? Our knowledge of the T states 
of Mz and MH is purely theoretical (cf. Paper I, 
Tables I, II). According to the Heitler-London 
method, the U(r) curve of the T state should 
rise steadily with decreasing r from an asymptote 
corresponding to unexcited atoms. It should, 
however, according to the method of molecular 
orbitals, remain below the U(r) curve of the V 
state at least for small r (cf. Paper I, end of 
Section 6). 

Our principal interest here centers on the V 
states. Empirically, the lowest energy stable 
excited state of H. and Mz is a '*,, state ordi- 
narily designated as the ‘‘B’’ state. The only 
definitely known excited state of MH is likewise 
a 'S* state. These states are here identified as 
more or less ionic V states corresponding to the 
specifications in Paper I. In Me, however, it 
appears that the ionic characteristics are nearly 
lacking, and the B states are perhaps better 
classified as incipient than as actual V states. 


® Cf. R. S. Mulliken, J. Chem. Phys. 3, 375 (1935), and 
references given there. 

7Cf. H. M. James, A. S. Coolidge and R. D. Present, ! 
Chem. Phys. 4, 187 (1936). 
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Some band spectrum and derived U(r) curve 
data on the N and IV states of H: and of typical 
examples of M,. and MH are given in Table I; 
some other relevant data are given in Table III 
of Paper I. It will be noted that the V states are 
more: or less abnormal, especially in MH. As will 
be shown below, these abnormalities can be 
given a reasonable explanation in accord with 
expected characteristics of V states. 

As compared with most of the excited states 
of He, the state |’ has an unusually large r, and 
small w,. Also, the potential energy curve ap- 
proaches its asymptote unusually slowly with 
increasing r; and this asymptote, considering the 
large r, and small w,, is unusually high above 
the minimum of the curve. These last features 
are exactly what should be found for a U(r) 
curve derived from H*++H-. This can be seen 
by referring, for example, to a figure given by 
the writer, showing the U(r) curves of He.° 
In this figure, the V state is represented by a 
(partially Morse) curve which probably repre- 
sents a tolerably good approximation to the 
actual U(r) curve near r=r, and at larger r 
values. If in the same figure one plots a Coulomb 
curve U(r)=A—e*,r, this runs fairly close to 
the Morse curve from 3A to 6A, but it is a little 


*R.S. Mulliken, Rev. Mod. Phys. 4, 46 (1932): Fig. 46. 


steeper ; it intersects the Morse curve at about 
4A, running above it for larger and below it for 
smaller r. [The Coulomb curve can be sketched 
in on the figure from the following points: 
2.97 ev at 1A, 10.12 ev at 2A, 12.50 ev at 3A, 
13.70 ev at 4A, 14.41 ev at 5A, 14.89 ev at 6A. | 

The suggestion that the V’ state is of H+tH 
character was first made by Pauling; it was 
further analyzed by Kemble and Zener.' 
Quantum-mechanical calculations by Zener and 
Guillemin,'' while somewhat inconclusive in this 
respect, indicated that the |’ state is at least 
partially of H*H~ character. Other calculations 
have also been made on this state ;? most recently 
by Present,’ using the whole-molecule approxi- 
mation. As will be shown below, Present’s 
results also give indications of H+H™~ character. 

In view of calculations like those of Present, 
yielding close approximations to the exact wave 
functions, it might be thought superfluous further 
to consider other rougher approximations, e.g., 
that based on HtH~-. Such consideration is, 
however, needed in the present papers because of 
the insight it gives into the forms of the wave 

®*L. Pauling, Chem. Rev. 5, 204 (1928) 

1° Cf. E. C. Kemble and C. Zener, Phys. Rev. 33, 512 
1929). 

"'C. Zener and V. Guillemin, Jr., Phys. Rev. 34, 999 


(1929). 
2R. D. Present, J. Chem. Phys. 3, 122 (1935). 


TABLE I. Some band spectrum data and derived potential energy curve constants. 


Band spectrum data 





U(r) curve constants 


Molecule and We XeWe re D, ao 
State cm"! (both cm “t) B, A) (ev) ev) ay a 
Hz, N 4450 130.7 3.32 60.95 0.74 4.72 9.88 — 1.66 +-2.00 
V 1358 19.97 | 1.196 19.99 1.29 3.56 2.85 1.68 2.85 
Li’, N 351.4 2 590 0. 00708 0.672 2.67 1.16 5.66 —1,.92 2.03 
V 255.5 1.603 0.00519 0.497 3.12 1.26 4.04 — 1.89 2.33 
LiH, N 1405.7 23.20 0.2132 7.513 1.59 2.68 +0.2 8.13 1.86 2.58 
V 234.4 — 28.95 —0.0783 2.819 2.59 1.25+0.2 0.65 —0.87 6.74 
KH, WN 983 14.40 0.0673 3.407 2.24 1.97+ 8.75 —1,.95 1.93 
V 240 —7.01 —0.0527 1.311 3.61 117+ 1.36 +0.23 3.63 
Notes. Coefficients ao, ai, a2 are those in the expansion U(r) =aog? 1 +ait +a2f* +--+), where ao (in cm) =wZ ; a1 = —(1 +a, /6B); a2 


=(5/4)a:? —(2/3)xqwe/ Be. Cf. J. L. Dunham, Phys. Rev. 41, 72 952} 


also I. Sandeman, Proc. Roy. Soc Edinteveh 33, Part I, 72 (1935), where 


the constants for state N of He are calculated. For state V of Ho, R. Jeppesen's values of we, Xeawe, etc. have been used Jeppe sen, Phys. Rev. 
44, 165 (1933)). The coefficients a;, a2 for LiH are those recently pdt by Crawford and Jorgensen (Phys. Rev. 49, 11 (1936)). The other 
values of ao, a1, and a2 have been computed by the writer. All data on r¢, we, Xeve, ae, and Be, except those on He, may be found in the tables 
given by H. Sponer, Molekiilspekiren, I and I1 (J. Springer, Berlin, 1935 and 1936); note supplementary tables in both I and II; for state N of 
Lis, Sponer erroneously gives the value of 2xewe in place of that of xewe. Values of D, are dissociation energies in electron volts for dissociation of 
a completely nonvibrating molecule to give products as indicated in Table I of Paper I; the values for LiH are based on a careful extrapolation 
of the levels of the N states as given by F. H. Crawford in a letter to the writer; in Fig. 1, somewhat smaller De values (but within the likely error 
of the extrapolation) have been used. In the values of we, Xe, etc. in Table I, the Dunham corrections have not A- made except in the case 
of state N of H2; they are not always negligible, but are so for our purposes 
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functions and their change with r, especially in 
connection with a comparative study of He and 
other molecules where the whole-molecule ap- 
proximation calculation is more difficult and has 
not yet been carried out. 

As noted above, the V state U(r) curve near 
r=4A has almost exactly the energy one calcu- 
lates for H+H~ assuming pure Coulomb attrac- 
tion between H+ and H-. This is just what one 
might expect. For smaller r values, however, 
deviations due to the following two modifying 
causes are to be expected: (1) resonance of 
H*+H- with H~-H*; (2) repulsive forces arising 
when the H* appreciably penetrates the H7~ 
wave function. The first effect should begin to be 
important at larger r values than the second. 
On setting up the resonance integrals (cf. dis- 
cussion of H;;- for LiH near end of Section 3), 
one sees that the energy change due to (1) 
should be about proportional to the overlapping 
of two H~ 1s orbitals, one around each nucleus. 
Estimating the radius of H~ for strong over- 
lapping as 1.4A (cf. Section 3), it appears that 
the resonance effect should be appreciable, but 
not very strong, at r=4A. It should cause a 
splitting of the Coulomb curve of H~H*+, HtH 
into an upper (Z,'Z*,) and a lower (V, '=*,). 
Thus it tends to push V below the Coulomb 
curve. The effect of penetration of H+ into H-, 
on the other hand, should tend to raise V above 
the Coulomb curve, and should presumably 
become strong by the time r is reduced to 2A. 

Actually, in harmony with the preceding con- 
siderations, the V curve of H follows the Coulomb 
curve fairly closely down to about 3A, but then 
begins to run higher and higher relative to the 
latter. The necessity of this behavior is easily 
understood also in terms of the molecular orbital 
approximation, which becomes increasingly valid 
for decreasing r. According to this (cf. Paper I, 
Table I), state V for medium r is o,0,, 'Z*,, 
becoming o,2¢,, and finally 1s0,2p¢,, for smaller 
r (united-atom orbitals). The configuration 
o,2pc, demands that the V shall be 
higher than that of, for example, o,2se,, 'Z*,. 
In order to satisfy this requirement, the V curve 
must swing away from the Coulomb curve and 
rise far above the latter as r decreases. 


curve 


Examination of the figure mentioned above shows that 
the large r. and small w, of state V can be understood as 
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an incidental consequence of this process. So long as the 
atomic orbital approximation holds fairly well, the V curve 
tends to be of ‘the Coulomb type. Under this influence, 
in the range from 2.0 to 1.5A, it descends well below the 
Near 1.3A the molecular 
orbital approximation ¢,2fo0, apparently 
dominant and the atomic orbital approximation 1s? to lose 


minimum of the o,2se, curve. 
begins to be 


its force, allowing the curve to swing upward. The large 
r. may be considered a somewhat fortuitous result of this 
transition from the dominance of the one approximation 
to that of the other. If the atomic orbital dominance had 
been arrested either sooner or less soon, r, would have 
been smaller. 

Another point of view which is probably simultaneously 


valid is that the long down-swing of the V state U(r 


curve below those of other stable excited states is con 


nected with the fact that it shares with the T state the 
molecular orbital configuration o,0,. Now there is a region 
of medium r values where the o, molecular orbital differs 
markedly from the united atom orbital 2p¢, which it 
approximates for small r; and the difference is such that 
o, has relatively lower energy. As a result, both JT and V 
states have, for medium r values, lower energy than other 


excited states. For small r values, where o, approximates 


2pc.,, they both take their place among the 2-quantum 
states. For large r values, where all molecular orbital 


approximations fail, T and V behave more and more 


according to separated atom requirements. 


In his whole-molecule approximation calcula- 
tion of the wave function of state V, which was 
made only for r=1.28A (equal to r, of state V 
Present found the 7). terms (7;2=interelectronic 
distance) to be relatively large, and seemed to 
have some difficulty in explaining this (refer- 
ence, 12, p. 126 and footnote 18). It seems to the 
writer, however, that these relatively large rie 
terms may be taken as a confirmation of the 
expected pronounced H*H~ character of the 
wave function at r=r,. If the wave function is 
nearly a(H+tH~+H~-H?*) for large r and nearly 
o,2pc, for small r, the r;2 terms would be ex- 
pected to be comparatively large for large r, 
but to fall to normal proportions (i.e., com- 
parable with those in the whole-atom approxima- 
tion for 1s2p, 'P of the He atom) for small r. 
For r=r, one would expect an intermediate case. 
Extension of Present’s calculations to other r 
values than r, should be of considerable interest, 
since according to the present interpretation, one 
may anticipate that the r;2. terms will be found 
relatively to decrease for r<r, and to increase 
for r>r,. 

According to the foregoing discussion, one 
might be led to expect that for large r values 
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state V would follow more and more nearly a 
pure Coulomb curve, dissociating finally into 
H*++H 
a possible complication 

From H(1s) plus H(2s, 2p), there must arise, 
among other states, two 'S*, states, which may 
be described by the electron configurations 
1s-2q*o and 1s-2q-e, where 2g*o = (2s0+2pa) /2! 
(using the symbols 


There is, however, as is well known, 


and 2q-0=(2se—2pa)/2! 
2s, 2p etc. as short-hand for wave functions). 
Proceeding as in Section 4 and Table III of 
Paper I, we find r.=5.4A as the r value at which 
the Coulomb U(r) curve of H*+H™~ tends to cross 
the U(r) curves of 1s-2g*o and 1s-2q-¢, assumed 
horizontal. 

Now, however, an extrapolation of the known 
vibrational levels of state V leads to an energy 
of dissociation which checks rather well with 
dissociation into H(1s)+H’(2s,2p0) and not 
into H++H~-. While such an extrapolation is not 
conclusive, since the observed levels do not go 
up to an energy closely approaching that for r,, 
it has been generally accepted (cf., e.g., the 
writer’s figure mentioned above‘). This would 
imply that the H*H~, !S*,, curve fails effectively 
to cross the 1s-2gto and 1s-2q-o 'S*, curves, 
but interacts with them to give modified U(r) 
curves such that the V curve goes over con- 
tinuously into H(1s)+H(2¢). 

In view of the large value of r., however, it 
appears uncertain whether or not the interaction 
integral near r. is large enough to make this 
point of view sensible (cf. the very similar case, 
discussed in Section 3, of the V state of LiH, 
where the Li*tH~ curve tends to cross the 
Li'(2p0)-H(1s) curve at r.=5.1A, noting that 
the 2p0 orbital of Li’ is nearly identical with that 
of H here). It appears quite possible that it 
might turn out to be more sensible to draw the 
U(r) curve of state V as crossing the other two 
'y*, curves at r., and going up to dissociate into 
H++H_-. An investigation of the high vibrational 
energy levels of state V would be of interest in 


this connection. 

For values of r<r, the H+H™~ curve must fall 
below those of 1s-2g*e and 1s-2q-e, because of 
the Coulomb attraction involved in the former. 
In this range, state V should at first be nearly 
pure H*H~-." In the neighborhood of r=r, of 
state V, however, where the atomic-orbital 
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approximation based on H*H~ should be be- 
ginning to fail badly in convergence (cf. Section 5 
of Paper I), one would expect a considerable 
admixture of 1s-2g~o (and 1s-2q*o ?),—and other 
ingredients,—in the atomic-orbital-approxima- 
tion wave function of V, in harmony with the 
results of Zener and Guillemin." 


2, Me MOLECULES 


Empirically (cf. Table I, and Table III of 
Paper I), the B states of M2 appear analogous 
to that of He, but there are several differences. 
In particular, r, is much larger because of the 
larger sizes of the atoms involved, yet r. for 
crossing of M*M~ by M’(mpo)- M(ms) is smaller 
than the r. of He calculated for crossing of 
H*+H~ by H’'(2s, 2pc)-H(1s). Relative to the 
sizes of the atoms or ions, this 7. is thus much 
smaller than in Ho. 

Further consideration indicates that this calcu- 
lated r. really has little significance, because the 
M+tM~— '3,* 


pure Coulomb curve at this r. One may estimate 


curve can no longer be nearly a 


that the radius, e.g., of the Li~ ion is several 
times that of the H~ ion (roughly proportional 
to n*, where m=principal quantum number). 
If the radius of H~ for pronounced overlapping 
is 1.4A (cf. Section 3), then at the calculated r, 
of 4.5A for Lis, the Lit ion in LitLi~ must 
already have strongly penetrated the Li~ ion, 
making the energy much higher than the 
Coulomb value A —e®/r. Resonance of Li*Li 
with Li~Li* must of course also exist, tending to 
lower the energy, but there are also repulsions 
between K shells of the Li atoms, tending to 
raise it. On the whole, there seems to be little 
doubt on this score that the Li*Li~ curve at 
r=4.5A and all the more so at r=r, of state 
B (3.12A for Lie), would lie rather far above the 
pure Coulomb curve. 

The actual energy of state B at r=r, is found, 
however, to be very nearly as low as for a pure 
Coulomb curve of M*M_~-, i.e., relatively much 
lower even than in He. According to the preceding 
paragraph, this cannot be taken to mean that 
the actual wave function is nearly pure M*+M 
but, on the contrary, indicates that it must be 
mainly something else. There are two lines of 
evidence which indicate the nature of the wave 
function. 
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In the first place, Heitler-London calculations 
by Furry" for Lig have succeeded in duplicating 
fairly well the empirical characteristics (D., r-, 
and w,) of the B state by using the pure atomic 
orbital configuration 2s-2pe (dissociation into 
°*S+?P). However, such a calculation is not 
conclusive, in view of the usual roughness of 
Heitler-London approximations. 

Strong support is nevertheless given to the 
electron configuration ns-npo for state B of Mz. 
by a study of the size of A-doubling in the 
rotational levels of the C state. This is a 'II 
state to which the atomic orbital configuration 
ns-npmr should be assigned (with dissociation, 
like the B state, into *S+?P). To be sure, the 
Heitler-London calculations of Furry" on the 
C state of Lig show rather poor agreement with 
experiment, casting doubt on the goodness of 
Heitler-London approximations here and in 
general. Nevertheless the A-doubling coefficients 
go for the C 'II,, states of Lig and Naz show almost 
perfect agreement with values of go calculated on 
the basis of a relation of ‘‘pure precession” 
between the states B 'X*+, and C'Il, ; the agree- 
ment is especially notable in view of the fact 
that g» is about fifteen times as large for Lis as 
for Nae. This agreement constitutes strong evi- 
dence that the wave functions of states B and C 
differ only in the substitution of mpo in the one 
for mpm in the other. Taken together with the 
Heitler-London calculation on 2s-2po for Lis, 
they tend to indicate that the wave function of 
state B in terms of atomic orbitals is of ns-npo 
character without much M*+M~ or other ad- 
mixture. 

For small r values, the lowest energy '=*, 
state must be one of the kind we have called V, 
with an electron configuration o,¢, (same as for 
state 7) in terms of molecular orbitals. There 
can be no reasonable doubt that state B goes 
over into this for small r values. State B of Mz 
may then be classified as a V state, or possibly 
as an incipient V state. According to the results 
of the preceding paragraphs, it differs apparently 
from most V states in not having a large ionic 
component in its wave function, and in the fact 


18 W.H. Furry, Phys. Rev. 39, 1015 (1932); Phys. Rev. 
43, 361 (1933): excited states of Lis. 

™R.S. Mulliken and A. Christy, Phys. Rev. 38, 97 
(1931). 
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that it does not even try to go over into two ions 
on dissociation. 

It is not entirely clear just how good, rela- 
tively, are the atomic orbital approximation 
ns-npo and the molecular orbital approximation 
7,0, at r=r, of state V. Furry’s evidence that 
the Heitler-London calculation is poor for the 
'IT,, state of Li, and a comparison of Heitler- 
London and molecular orbital calculations for 
state N of Lios,? indicate that the molecular 
orbital approximation is the better at r, of N 
and perhaps at r, of V. If so, the amount of 
M*M~ in the approximation using atomic or- 
bitals may after all be considerable for r=r,, 
but certainly not for large r values. 

On the other hand, the A-doubling evidence 
seems at first to require the pure atomic orbital 
configuration. Still, it seems not at all impossible 
that a relation of ‘‘pure precession’ might be 
fairly well preserved between the B '=*, and the 
C 'Il, states even if molecular orbital configura- 
tions were best for both; this is a point which 
requires further investigation. [In He, the A- 
doubling in the C'lIl, state again indicates™ 
fulfillment of a relation of pure precession 
between this and the B'Z*,, i.e., V, state, but 
the result can be understood in terms of an 
approach to united atom configurations 1s2pz 
and 1s2pc, respectively. In Mz the wave func- 
tions are surely remote from united-atom con- 


ditions. | 
3. MH MOoLeEcuLEs 


The V states of MH are unique among all 
known states of diatomic molecules in having 
negative values for the band spectrum con- 
stants a, and x.w, (cf. Table I). Corresponding 
to this, the quantities B,=By—av+--- and 
®»43=G(v+1) —G(v) =w,.—2x.w.(v+1) increase 
with increasing v; each of them finally reaches a 
maximum, however, then decreases. 

These unusual characteristics indicate, of 
course, that the V states of MH have U(r) 
curves of quite unusual shape. The behavior of 
@,»4; can be shown to mean that U(r) at first 
rises on both sides of r, faster than a parabola, 
while the behavior of B, means that the U(r) 
curve here has less asymmetry than such curves 
normally do. In all other known cases the 
asymmetry is sufficient to make a, positive. 
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The situation can be understood by expressing 
U(r) in terms of a series expansion about r, 
(cf. Table I, notes), and by plotting it (ef. 
Fig. 1). Several coefficients in this expansion for 
LiH have been determined by Crawford and 
Jorgensen from their very careful work on LiH 
and LiD. The first three coefficients, namely do, 
a,, and ad» are given for the states N and V of 
Hoe, Lis, LiH and KH in Table I. 

It will be noted that the values of a; and a: 
remain fairly constant in the states listed (also 
for other diatomic molecules) except in the 
states V of MH. As for do, while this coefficient 
is more variable in general than a; and dz, it will 
be noted that it is extraordinarily low for the V 
states of MH, especially LiH. 

Theoretically as well as empirically, the V 
states of MH must obviously differ in some re- 
spects strongly from those of Hz and Mz. In He 
and Me, we have a homopolar V, '=*, state con- 
taining the ionic terms A*+B~ and A~B* in equal 
proportions in its wave function; and the latter 
is excluded by symmetry from any admixing 
with the wave function of the atomic type (A-B) 
normal state N, '=*,. In MH, on the other hand, 
we might expect a strongly polar V, 'S* state 
because M++H~ is very much lower in energy 
than M~+H? (cf. Table III of Paper I) so that 
M*H- should predominate greatly over M~H* 
in the wave function. The considerations ad- 
vanced in Section 6 of Paper I, however, indicate 
that state V must be less polar than state N. 

If for the moment we neglect minor disturbing 
elements, there can be little doubt that the 
following statement is essentially correct : the ob- 
served N and JV states of MH represent the 
results of an interaction between two first 
approximation 'S*+ U(r) curves, the one homo- 
polar and derived from unexcited neutral atoms, 
the other ionic and heteropolar, derived from 
M*++H-. As we shall see, this makes easily 
understandable the unusual shape of the U(r) 
curve of state V. 

Since the substances MH are known to form 
ionic NaCl-type crystal lattices, and to give 
H~ ions on electrolysis, it would seem reasonable 
to expect that state N is mainly ionic and state 
V mainly homopolar, as in MX. From the 
general chemical standpoint, also, one would 
say that H is much more electronegative than M, 
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so that MH (in its N state) should be strongly 
polar. Again, according to the writer's scale of 
“absolute electroaffinity,’’’’ MH should have a 
polarity comparable with that of HF. No more 
than a rough qualitative significance should be 
attached to this prediction, however, since the 
scale is not really applicable in a case like the 
present, where M*++H- lies near M+H, with 
M~+H? far above. 

From here on, we shall consider mainly LiH 
as a typical example of MH, since more experi- 
mental data are available than for other MH. 

Before going further, we should notice one, at 
first innocent looking, fact which really is per- 
haps just as anomalous as the unusual form of 
the V state U(r) curve. This fact is the value of 
the dissociation energy of state NV. Although the 
U(r) curve of N is entirely normal in form so 
far as we know, its D, value is inexplicably low as 
judged by the empirical “‘additivity’’ theorem 
for the energies of normal homopolar bonds. 

If this theorem holds, then, as Pauling has 
pointed out, the dissociation energy D, (usually 
Do is considered, but D, is more accurate) of 
any molecule AB should be equal to or greater 
than the average of the dissociation energies of 
the molecules Az and Bz; and the quantity A, 
where A is given by 


A=D,(AB) —}[D.(A2)+D.(B:2) ], (1) 


should be some sort of measure of the degree of 
polarity of the bond. '* In particular, A=0 
should correspond to the case of a pure homo- 
polar bond, provided the additivity theorem 
holds. (This statement really defines the addi- 
tivity theorem.) A pure homopolar bond is that 
type of bond which occurs when A and B are 
of equal “‘electronegativity”’ or ‘‘electroaffinity ;”’ 
it is obviously realized when A and B belong to 
the same element, but should also be approxi- 
mately realizable for various other atom pairs. 
Pauling found by a study of A! values that he 
could assign a number of atoms A and B approxi- 
mately to places on an empirical electronega- 
tivity scale; this fact implies that the homopolar 
additivity theorem is approximately valid for all 
such atom pairs AB. 


® R. S. Mulliken, J. Chem. Phys. 2, 782 (1934); 3, 573 
(1935). 
16 L. Pauling, J. Am. Chem. Soc. 54, 3570 (1932). 
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In the case of LiH, however, one finds (cf. 
Table I), 
A= 2.68+0.2—}3[4.72+1.16]= —0.26+0.2. 


If anything, D, is probably somewhat less than 
2.68 volts for LiH, making A probably about 
—0.4; the value 2.68+0.1 or +0.2 is that ob- 
tained by Crawford from the band spectrum data 
on the vibrational levels of state N (cf. Table I, 
notes). If A is negative, the additivity theorem 
certainly has failed; even if it is zero, which is 
about the extreme upper limit experimentally 
allowable, we are in a dilemma. Pauling and 
Yost, noting that A is approximately zero, 
concluded that diatomic LiH is nonpolar.” 

This conclusion, however, is hard to swallow, 
in view of the considerations given above, 
according to which one would expect LiH (in its 
N state) to be strongly polar. Some of the 
objections to nonpolarity of LiH may be put 
more specifically as follows. If state N is pure 
nonpolar (structure Li-H), then state V must be 
pure polar (Li*H~). This is in violent contra- 
diction to the theorem given in Section 6 of 
Paper I. Further, it fails to explain the unusual 
shape of the U(r) curve of state, V: a pure 


LitH~- curve could not have such a shape. 
Moreover, it would be astonishing if the two 
curves (LitH- and Li-H) do not interact 


appreciably; judging from other known cases 
(cf. III for some of these), as well as from per- 
turbation theory considerations, a strong inter- 
action, giving a large A for state N if the addi- 
tivity theorem holds, would be expected. 

Nevertheless something must be abnormal. On 
due consideration one finds that, if one assumes 
failure of the additivity rule, everything else 
follows expectation. As we shall find in Paper 
III, this assumption has support from the case 
of molecules MX, where spectroscopic data make 
it very reasonable to suppose that the additivity 
rule fails completely. Further (see below), failure 
of additivity allows a more reasonable location 
for the JT state U(r) curve of LiH in Fig. 1 than 
would be predicted if additivity holds. 


On the other hand, Heitler-London calculations (cf. 
James’ critical study?» *) on Liz, LiH and Ho, neglecting 


inner shells in the cases of Liz and LiH, and necessarily 


17 L. Pauling and D. M. Yost, Proc. Nat. Acad. Sci. 18, 
414 (1932). 
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assuming a pure homopolar bond in LiH, obey the addi- 
tivity rule fairly well for H. 
1.09 ev for Lis, 2.30 ev for LiH). To be sure, James has 
terms modifies the 


calculated values 2.87 ev 


shown’ that inclusion of inner shell 
result for Lis very considerably; 


also be decidedly affected. But if the effect is about half 


presumably LiH would 


as one would surmise, the 
well. On the 


as large for LiH as for Li, 
additivity theorem would still hold fairly 
whole, these Heitler-London considerations, although not 
conclusive, tend decidedly to support the validity of the 
homopolar additivity rule for LiH. But other considera 
tions weigh strongly in favor of its failure. 

In view of the unusual assumption which seems required 
to explain it, it is obviously essential to be quite sure that 
the experimental D, value is well founded. Actually, there 
seems to be no reasonable doubt that the value given above 
is experimentally correct to within an amount that is far 
too small to allow a A of the order of magnitude (about 


2 giving about 4.5 or 5 ev for D.) that one would 


2 ev, 
expect if the homopolar additivity law held and if the A 
were related in a normal way to the expected polarity. 

In the first place, Crawford and Jorgensen have followed 
the vibrational levels of state N of LiH up to v=6, and 
find the energy of all the observed levels to be capable of 
representation with great accuracy by a simple formula of 
the type 


@ 1 » e 1\2 , e 1\3 
w(0+ 4) —xaoe(v+4)2+ yoe(v +3) 


In view of the smoothness of fit of the formula to the 


observed levels, which moreover already extend over a 
range of about 1 electron volt, it appears that extrapola- 
tion of the formula to estimate D, should be relatively 
reliable. Experience with other molecules indicates that 
the extrapolated value should be nearly correct (Crawford 
gives 2.68+0.1 or +0.2 ev), and if not, that the true value 
is more likely to be smaller than larger. 

A supporting line of argument is the following. It is 
readily verified that the following equation is correct (all 
quantities are assumed reduced to 0°K): 


Dmun=Q+5Sm+}Du,—Smu 2) 


Here the D's refer to dissociation energies from v=0, 
Q is the energy of reaction (solid M+H: gas—solid MH), 
and the S’s are sublimation energies. The quantities Q, 
Sm, and Dy, are known (D=4.45 ev for H2, Q=0.91 ev 
for LiH, 0.52 ev for NaH, KH, and Sy =1.44, 1.14, and 
0.93 ev for Li, Na, K).'8 If data on Syry existed, we could 
get good values of Dyry. Conversely, if we use band spec- 
trum values of Dyjy, we can get values of Su. 

Inserting the above values of Q, Sm, and Dy, in Eq. (2), 
we find for Dyu+Smu the following: 


Dyut+Smu : LiH, 4.59 ev; NaH, 3.92 ev; KH, 3.60 ev. (3) 


These obviously give upper limits for Dyu. If in (3) we 
insert the band spectrum values for Dyn (cf. Table 1), 
first subtracting the zero point energy included in the 
latter, we get 


Swyru : LiH, 1.99 ev; NaH, i.75 ev; KH, 1.59ev. (4) 


18 Cf. J. Sherman, Chem. Rev. 11, 93 (1932) for sources 
of data. 
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These values are fairly reasonable, considering that the 
solids MH have the same type of crystal structure as the 
salts MX, and that they apparently have a similar degree 
of volatility if we may judge from the fact that in work 
on the absorption band spectra of MH vapor, experi- 
menters mention that the solid was heated to 600—-900°C 
in order to obtain sufficient absorption. Similar or even 
somewhat lower temperatures have been used in investi- 
gating MX vapors. For salts MX, the values of Syx are 
in the neighborhood of 1.9-2.4 ev.'8 


Further, in a quantum-mechanical calculation 
based on the use of molecular orbitals, and 
including the effects of the Li inner electrons but 
not of the 71. terms, Knipp‘ arrives at a value of 
about 2.0 ev for D, of LiH. This of course 
supports the band spectrum value, and again 
indicates a negative A. Finally, as we shall see 
below, a consideration of the behavior of the V 
state U(r) curve at large r values strongly 
indicates a value of about 2.5 ev for D, of state N. 

Extension of Knipp’s calculations to a com- 
plete whole-molecule approximation calculation, 
by revealing the relative size of the r:2 terms (cf. 
Section 1, above), should throw light on the 
polarity of the wave function of state N. Even 
better for this purpose in some respects would be 
an explicit calculation of the dipole moment. 

We may now turn to an examination of the 
U(r) curves of the N and V states of LiH, 
order to see if we can determine how they may 
be related to the hypothetical Li-H and LitH 
curves. Each curve can be plotted in the neigh- 
borhood of its r, by using the series expansion in 
powers of & By estimating the mode of con- 
vergence of the series, the curves can be extended 
over a somewhat wider range of r values (full line 
parts of N and V curves in Fig. 1). Outside this 
range, uncertain extrapolations or else other new 
considerations must be used (dashed line parts of 
N and V in Fig. 1). 

After plotting the known parts, with the 
vertical distances between them determined 
accurately from the band spectrum, it remains 
to fix the positions of these relative to the energy 
of Li+H. If D. of N (or V) were accurately 
known, this could be done at once. Using the 
approximate D, of Crawford (2.68 ev), the curves 
were first approximately located. Next the energy 
levels of Li(??P)+H and of Lit+H- relative to 
Li(2S)+H were located. Then the U(r) curve 


corresponding to Coulomb attraction of Li* and 


















































20 any Ht 4Ait mo 
que reaarors EEE ea 
*~4-- 
| ACIP) +H) 
15 ppt 
b+ | / 

a ae = — ae apa ~] 
hed art Y J | 
Yr 1.0 tt H+ 
St V 7 
: a “A: | mean} | | | | | 

‘\ 5 of | 
© 0.5 NT AN and V+ 
rs ee if 
coe aks : T | : . f 
> 0.0 Li-H “4 hz = 
3 rea Lit) —| 
2 oe 

> : / 
“OS AAR) 
+ we - + ——t +—_—+ + + 
PY ’ | 
4 wie. = = eeadbiniiondl 
4 0 TH: 7 | . 2. 
- 7 — mm +——+--- + +--+ — + 
; —$—_——4—__+ + — t Ee | 
’ | 




















LN- 


| | (em 1078) J L = 


1234 5 6 7 


Fic. 1. U(r) curves of N, T and V states of LiH. Experi- 
mentally established parts are shown by full a y lines. 
Dashed parts represent estimates, except for state - eo 
the right hand side of the curve goes into an ‘H- 
Coulomb curve, which should be fairly mada tg The 
absolute heights of V and N relative to each other are 
accurately known, from the band spectrum, but their 
heights relative to Li+-H have been fixed only by making 
the experimentally established part of the V curve extrapo- 
late smoothly into the LitH~ curve. Dotted curves marked 
Li*H™ (cf. Eq. (6)) and Li-H are two hypothetical illustra- 
tive curves whose resonance according to Eq. (7a) would 
give the curves N and V, if the resonance intensity is as 
given by the main curve of Fig. 2. At the top right of the 
figure is indicated the effect of a bad resonance (cf. Fig. 2) 
between the Li*H~ and the Li(?P)-H, '2* curve near their 

calculated crossing point, causing crossing to be avoided 
and giving two new curves as shown. Dashed curve 
marked Li’-H shows possible course of '=* curve of 
npoyi:isqH character (form doubtful!). Three further 
predicted curves derived from Li?P)+H (cf. reference 19) 
are omitted. According to Knipp’s recent calculations,‘ the 
T curve is probably considerably higher than is here shown. 





H- was computed (cf. Eq. (4) and Table III of 
Paper I). It is found that this crosses the 
Li?P)+H horizontal at r.=5.1A and _ the 
Li(2S)+H horizontal at r.=3.1A. This Li*H 
curve, modified by adding a repulsion term (cf. 
Eq. (6)) is shown dotted in Fig. 1; the modified 
curve is practically the same as the pure Coulomb 
curve for, say, r>3.5A. 

Dismissing the negligible possibility that the 
N and V curves might cross, the former must 
dissociate to Li+H, while the latter must go 
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over into the Li*tH~ curve for large r. On 
examining the plot, one sees that in order that 
the observed (full line) part of the V curve shall 
go over as smoothly as possible into the LitH~ 
curve, a slightly smaller value of D, for state N 
than the 2.68 ev value of Table I must be 
assumed. If we 2.68 volts, the V curve 
actually crosses the LitH~ curve within the 
range where its form is definitely known from the 
experimental data. A slightly smaller value, 2.52 
ev, gives a smooth transition, and has been used 
in constructing Fig. 1. In this way we arrive at 
what appears to be a fairly reliable value of D, 
of N. At the same time we establish beyond 
much question the course of the U(r) curve of 
state V for large r values. 

This fitting of the V state curve, somewhat 
beyond its r,, to the LitH~ curve, gives at once 
an explanation of the most striking anomalies of 
the V curve, namely the unusual values of the 
coefficients a@, and a2, provided we momentarily 
take for granted the unusually low value of do, 
which corresponds to unusual flatness of the V 
state curve near r=f,. 

In ordinary U(r) curves, which can be ap- 
proximated by Morse functions, the left side of 
the curve (r<r,) rises faster than the parabola to 
which the bottom of the curve approximates, 
while the right side rises more slowly than the 
parabola. Moreover, in ordinary cases, the slow- 
ing down near the right side more than makes up 
for the speeding up near the left side so that the 
vibration frequency cw,4, decreases with in- 
creasing v. Such U(r) curves have a pronounced 
asymmetry, of which the coefficient a; is a chief 
index. 

The abnormally small a, for state V of LiH, 
indicating abnormally little asymmetry, the 
unusually large a2, and the w,, increasing at first 
with v, all mean that the right hand side of the 
U(r) curve for this state rises much more steeply, 
relatively to the left hand side, than is usual. 
Now this can be accounted for very well as a 
result of the pulling up of the right hand side of 
the U(r) curve of state V as it goes over into the 
LitH- Coulomb-type curve (see Fig. 1). The 
latter rises much more steeply, at r values in the 
here important neighborhood of 3.5-4A, than 
would an ordinary curve involving dissociation 
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into neutral atoms (cf., e.g., the dashed part of 
the U(r) curve for state NV). 

It is interesting to note at what height on the 
V state curve the maximum of w,,,; comes. The 
energy for this is indicated in Fig. 1 by the line 
marked a; the line marked 6 denotes the position 
of the highest vibrational level of state V which 
has been observed so far. The occurrence of a 
maximum value of w,,,; and of B, is easily 
understood in terms of the shape of the V curve. 

We may pause here to refer to the data on KH 
(NaH also is probably similar, cf. Table I). KH 
shows less extreme behavior than LiH in respect 
to do and de, more extreme behavior for a; 
(reversal of the usual sign, indicating that the V 
curve at first actually rises less steeply on the 
inner than on the outer side). One can see how 
this could happen if the right side of the V curve 
is jammed more tightly against its M*H- 
asymptote curve than is true in LiH. Without 
going into detail, one can appreciate that such a 
change might well occur as a result of the 
different ionization potential and size of the K as 
compared with the Li atom. 

Returning to LiH, let us consider further how 
the observed N and V curves might result from 
the interaction of two hypothetical zero-approxi- 
mation curves, the one pure Li-H, the other pure 
Li+H~- in character. First we may seek to use 
crystal structure data in estimating the form of 
the LitH~ curve (cf. Section 4 of Paper I). In so 
doing, the constants 8 and m of a Born-type 
formula were first determined so as to agree with 
the known lattice energy and grating spacing in 
LiH.'* Assuming the same 8 and » for diatomic 
LiH, we have 


LitH-: U(r) =4.65 —14.30/r+9.387 2, (5) 


where r is in A and energy is in ev. Eq. (5) gives 
r-=1.375A and U(r.)=—3.22 ev; that is, it 
gives r, considerably less and U(r.) lower than 
for the actual curve of state N. Obviously this 
will not do, since the pure LitH~ curve must be 
everywhere above the actual N curve. Eq. (5) 
should, however, give us some idea of the value 
of m, and tends to indicate that the actual pure 
Lit+H~ curve goes relatively low. Since we cannot 
readily determine how it actually goes, the 
following plausible equation for a pure LitH 

curve has been arbitrarily assumed for purposes 
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of illustration : 


LitH~ : U(r) = 4.65 — 14.30/7r+17.95/r'-*. (6) 


Eq. (6) has been plotted as the dotted curve 
marked LitH~ in Fig. 1. Obviously this curve, 
although dubious for small r values, should be 
nearly correct for large r values (say, r >3.5A). 

For the Li-H curve, it would be logical to use 
the results of an accurate Heitler-London calcu- 
lation, especially for the larger r values. Instead, 
however, we have, for purposes of illustration, 
assumed the dotted Li-H curve shown in Fig. 1. 
The form of this has been determined largely by 
the requirement that it shall go over into the 
Li+H horizontal as r-«, and by the fact that 
for small r values, for a given assumed LitH- 
curve, its form is specified by perturbation theory 
(energy interval V—Li-H must be at least 
roughly equal, at each r, to interval LitH~— JN). 
There is, to be sure, great arbitrariness in the 
form of the Li-H curve even for small r, but 
this is not independent of the arbitrariness in 
the Li+H~ curve, i.e., if the one is assumed, the 
other approximately follows. For medium r values, 
where there is uncertainty as to the form of the 
N curve, there is independent arbitrariness in the 
form of the Li- H curve, but not very much if one 
requires a smooth interpolation between small 
and large r. 

Given the Li-H, the LitH~, and the V curves, 
it was possible, using the approximate pertur- 
bation theory relation just noted, to construct the 
dashed portion of the N curve, which should be 
regarded for the present as merely illustrative. 
The N and V curves now being given, a median 
curve marked “mean of N and V” could be 
drawn; this is useful in subsequent perturbation 
theory considerations. The median of N and V is 
obviously also, by perturbation theory, at least 
roughly the same as the median of the LitH~ and 
Li-H curves. In connection with the dashed part 
of the N curve, it should be stated that this runs 
above the corresponding Morse curve;'* for 
example, the latter is still about 0.3 ev below its 
asymptote at 4A, where the N curve in Fig. 1 is 
already very close to the asymptote. 

We.may now consider these curves in relation 
to perturbation theory. Neglecting possible dis- 


1° Cf. R. S. Mulliken, Rev. Mod. Phys. 4, 2 (1932) for 
H», Me, MH, Xz potential energy curves. 
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turbances due to Li>H*, Li@P)-H, or other 
excited states, let us consider just the mutual 
perturbation of the hypothetical Li-H and LitH 

curves to give the real N and V curves. According 
to perturbation theory, the following relation 
exists,’ for any r: 


((3) (Ev — Ey) P=((3) i —- Hi) F/(1- S) 
+ (Hai—SX)?/(1—S*)*. (7) 


Here Ey and Ey are the energies of states V and 
N, H, and H; are those of Li-H and LitH~-, X 
is the mean of H, and H;; while H,; and S are 
given by 


Hyi= JS V(Li-H)Hy(LitH~-)dr; 
S= fy(Li-H)y(LitH~-)dr. (8) 


Each of the quantities Ey, Ey, H., Hi, Ha; is a 
function of r, and all should be negative. 

As an approximation leading to results which 
should be qualitatively correct, and adequate for 
our purposes, we may neglect S in Eq. (7), and 
obtain" 


((3) (Ev —Ew) P=((4)(He— Hi) P+. 


(7a) 


The quantity H,; can now be plotted, approxi- 
mately, as a function of r by using data on 
Ey—Eyw and H,—H; read from Fig. 1 and 
solving Eq. (7a) for H,;. The results, shown in 


Fig. 2, are of a reasonable character. Examination 


of Eq. (8) indicates that H,; should be more or 
less proportional to the overlapping integral 
S¥(2s1i)¥(isu-)dv. This should be fairly large 
for small r values, having perhaps a maximum at 
r=0, or perhaps having two maxima, then falling 
off exponentially with increasing r. On decreasing 
r from large values, H,; should first become large 
at an r value where ¥(2s,;) and ¥(1sy—) begin to 
overlap strongly. Taking the radius of 2s,; for 
strong overlap as half the r,(2.67A) of Lie, and 
estimating the corresponding radius of H~ as 
14A from the Li—H distance in crystalline 
LiH,'* we get 2.67/2+1.4=2.7A as such an r 
value. H,; in Fig. 2 seems to agree reasonably 
well with what one might expect from the 
foregoing considerations. 

Thus it is seen that the two plausible illus- 
trative curves LitH~ and Li-H assumed in Fig. 
1, together with an H,; of reasonable character, 


20 Cf., e.g., R. S. Mulliken, J. Chem. Phys. 3, 578 (1935), 
Eq. (11). 
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Fic. 2. Values of interaction integral 
JSv(Li-H) Ay (LitH~-)dr 
necessary to account for N and V curves of Fig. 1 by 
resonance between hypothetical Li-H and Li*H™ curves of 
Fig. 1, assuming Eq. (7a). The main curve in Fig. 2 (full 
and dashed lines) corresponds to the dotted curves in 
Fig. 1. The dotted curve in Fig. 2 shows how Ha; is modified 
if the left sides of the dotted curves of Fig. 1 are both 
replaced by a common curve coinciding with the left side 
of the median curve ‘“‘mean of N and V”’ shown in Fig. 1. 


suffice to account for the observed shapes of the 
N and V curves of LiH. The highly unusual 
form of the V curve and the highly normal form 
of the N 
without difficulty. 


curve are simultaneously obtained 


It is now desirable to see how the Li*H~ and Li-H 
curves, and the H,; curve, may be varied while preserving 
the N and V curves unchanged. The simplest variation 
is obtained if we raise the part of the LitH~ dotted curve 
to the left of its crossing with the Li-H dotted curve, and 
simultaneously and equally lower the left-hand part of 
the Li-H curve, until these parts of the two curves coincide 
along the median curve, making H,=H;=(Ey+Ey)/2; 
to the right of their original intersection point, we leave 
both dotted curves unchanged. [By a slight smoothing, 
the resulting discontinuities in slope at the intersection 
point can be removed without appreciably altering other 
things. ] With the foregoing assumption, we have —H,; 
=(Ey—Ey)/2 everywhere in the left-hand region. The 
H,; curve.so obtained is indicated by the dots in Fig. 2. 
It is readily seen that this represents the upper limit of 
possible H,; values for the given N and V curves. 

Another variation of the LitH~ and Li-H curves is 
obtained by interchanging the left-hand sides of the dotted 
curves in Fig. 1, leaving the right-hand sides undisturbed. 
[With a little smoothing, the new curves take plausible 
forms, with the LitH™~ curve wholly above the Li-H curve. ] 
This variation gives the same H,; curve as the first case. 

From the foregoing discussion, the effects of still other 
variations can readily be estimated. Attention should per- 
haps be called to the fact that if the LitH~ and Li-H 
curves are made to approach the N and V curves more 
closely than is the case in the range included in the above 
three variations, H,; of Fig. 2 drops, at first slowly, then 


rapidly. 
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Among the three variations just considered, 
and others, one somewhat similar to the first 
appears probable according to the considerations 
brought up early in this section. The N state of 
LiH would then be predominantly polar, and the 
V state predominantly nonpolar, in agreement 
with electronegativity and related ideas and with 
the theorem at the end of Section 6 of Paper I. 

Another argument in favor of this variation is 
that, with an Li-H '=* curve as shown in Fig. 1, 
the corresponding Li-H *>* 
the 7 state, would be expected according to 
Heitler-London considerations to take a form 
about like that shown by the heavy dashed line 
marked 7 in Fig. 1. This JT curve lies below the V 
curve in a reasonable way from the standpoint 
of the molecular orbital approximation, according 
to which TJ and V have the same electron 
configuration (cf. Table I of Paper I). As r-0, T 
and V should go, respectively, into the 1s*2s2p, *P 
and 'P states of the Be atom, of which the 
former lies 2.54 ev below the latter. In Fig. 1, 7 
is shown as being only 1 ev below V at r equal 
to r. of state N, where the molecular orbital 
approximation ought presumably to hold fairly 
well. It is hard to believe that 7 could be much 
higher than this, and one might even expect it 
to be lower, as was indicated in a figure once 
published by the writer.’ 

Publication of the details‘ of Knipp’s calcu- 
lations on LiH shows, however, that the foregoing 
ideas must be modified somewhat. Knipp has 
calculated a value for the energy of state 7 at 
r=r,. of N (1.59A). Knipp’s value, which is an 
upper limit, is 1.89 ev above the energy of 
Li(?S)+H. Knipp states that this value should 
be correct within a few tenths of an ev. Making a 
reasonable allowance corresponding to this state- 
ment, one gets about 1.6 ev as an estimate of the 
height of T at r=1.59A. This is approximately 
the same as the energy of state V at this r value, 
according to Fig. 1. It thus appears that the 7 
curve is about 1 ev higher for r=1.59A than is 
shown in Fig. 1, the difference going to zero, 
however, as r—>®. It appears possible that the T 
curve 


curve, representing 


curve may run somewhat above the V 
over a range of r from 1.6A to perhaps .about 
2.2A. 

According to Heitler-London considerations, 
the Li-H curve should be pushed down, as 
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compared with the dotted curve in Fig. 1, by 
roughly the same amount that the JT curve, in 
accordance with the preceding considerations, is 
raised above the dashed 7 curve in Fig. 1. This 
would bring the Li-H dotted curve nearly down 
to the median curve in Fig. 1, making it more 
reasonable from the standpoint of Heitler- 
London calculations ; at the same time the dotted 
LitH~ curve would have to be brought up nearly 
to the median curve. On the whole, this state of 
affairs, which will be seen to correspond ap- 
proximately to the “second variation” discussed 
above, seems reasonably in agreement with all 
the various considerations advanced above, in- 
cluding serious failure of the homopolar additivity 
rule. The relatively high location of the T state 
curve, however, indicates that the molecular 
orbital approximation cannot be so very good 
here until r gets below r, of N; but it should be 
recalled that we have used Eq. (7a) instead of 
the more accurate Eq. (7) in arriving at this 


conclusion. 


Before concluding this section, something should be said 
about a possible disturbing effect of the Li(?P)-H curve 
on the other curves. Li(?P)+H should give rise to four 
states,!® of the types '=*, *E*, 'Il, and I, of which the last 
two need not concern us. From the Heitler-London ap- 
proach, one would expect the 'Z* and *E* curves to be 
very similar to those obtained from Li(@S)+H. If the 
latter '* and *E* curves should be about as shown (marked 
Li-H and 7) in Fig. 1, then the Li@P)-H, '=* ought to 
follow a horizontal course down to small r, and then be- 
have about as shown by the dashed curve marked Li’-H 
in Fig. 1; the *=*+ curve should then be a little higher. 
Under such circumstances, no very pronounced inter- 
action would be expected between the Li’-H and Li-H 
curves, nor any large interaction with the inner part of 
the LitH~ curve, so that our previous neglect of such 
effects will not have been serious. If, however, Li-H had 
a deep minimum, then strong interaction between the 
Li’-H '!Z* and the Li-H '=*+ and Li+H™ curves would have 
had to be considered, also between the Li’-H, *=* and the 
T curve. In any case, the actual Li’-H curves would be 
prevented from coming down much lower than is indicated 
in Fig. 1. 


It is of interest to inquire whether the U(r) 
curve of state V will effectively cross the 
Li’-H 'S* curve at the calculated r,=5.1A (cf. 
Table III of Paper I), or whether it will interact 
so strongly that state V will in effect dissociate 
into Li(?P)+H, as is commonly assumed. This 


depends on the magnitude of a suitable //,; at 
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5.1A. In Fig. 2, 17,; for Li-H and LitH™ has been 
extrapolated according to an exponential law 
(dashed part of curve) out to 5A. Assuming the 
extrapolation to be correct, and to be approxi- 
mately applicable also for interaction of Li’-H 
with LitH~, as seems reasonable, we can calcu- 
late the effects at r. by an equation like Eq. (7). 
The results are as indicated by the two dashed 
curves in the top right-hand corner of Fig. 1. 
According to these, it looks as if the V state per- 
haps does effectively dissociate into Li(?P)+H. 
It would be of some interest to make actual 
calculations of /7,; to determine whether this is 
nearly correct. Experimental investigation of the 
high vibrational levels of state V would also be 
of interest in this connection (note that levels up 
to the height } in Fig. 1 have already been 
reached). 

Finally, we may ask whether Li-H* can make 
any important contribution to the wave func- 
tions of V and N. Interactions of Li-H* with 
Li-H and LitH~ would be determined largely by 
integrals H7,; and H;,; similar to H,; of Eq. (8). 
Of these, 7, should probably be relatively small, 
being roughly proportional to f/y(1sq)(2s,i-)dv, 
while H;; should be larger, being roughly pro- 
portional to /y(1sy—)¥(2s,;-)dv, but not so 
large as H,;, which involves /W(1sy—-)W(2szi)dv. 
These conclusions are based on considerations of 
overlapping; this should be especially favorable 
between 2s;; and 1sqy-, which are approximately 
equal in size, less so between 2s,; and 1sy or 
2s,i- and 1sy—, least so between 1sq and 2sy; 
That is, overlapping appears to be especially 
favorable in the case of H,;. From this point of 
view, considering also the high energy of Li-+H* 
at r= (Table III of Paper I), it is not to be 
expected that Li-H* will enter largely into the 
wave functions of states V and N. 

This conclusion has an indirect bearing on the 
question of the relative position of the Li*H 
and Li-H curves in Fig. 1. If the LitH~ curve 
were above the Li-H curve for small 7, then 
state V would be more polar than state NV unless 
a large admixture of Li-H* wave function were 
added to V to cut down its polarity in order to 
avoid a gross violation of the theorem at the end 
of Section 6 of Paper I. But as we have just seen, 
it seems impossible that /7;; is large enough to 
produce any such large admixture. Hence an 
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arrangement with the LitH~ curve below the 


Li-H curve in Fig. 1 seems required. 


4. MoLecuLEs CuH, AgH, AuH, Me*tH 


Without going into details, attention may be 
called to the fact that for each of several mole- 
cules of the type (MeH)*, namely those for 
Me=Be, Mg, Zn, Cd and Hg, the known elec- 
tronic levels comprise just two 'Z* states, exactly 
as in MH. There can be little doubt that these 
are analogous to N and V of MH. The state V, 
however, does not show pronounced abnor- 
malities as in MH, although there seems to be 
some indication of a tendency in that direction, 
x,w, (except in HgH*) being unusually small, but 
still positive. The value of w, is considerably 
smaller in the V than in the N state, but there 
is no such great difference as in MH. The fact 
that these molecules are positive ions is enough 
to account for marked differences in their V 
states as compared with those of MH, since the 
peculiarities of the latter have been shown to 
result from a highly special situation which is not 
likely to be duplicated by chance with so 
different a charge distribution as here. 

Brief consideration indicates that the N state 
of MeH* should dissociate into Met(2S)+H 
(analogous to M+H of MH), and the V state 
probably to Me+*++H~ (analogous to M++H-) 
if it succeeds in crossing the Me+(?P)+H curve 
without too much interaction. Other details pre- 
sumably resemble those in MH, although the 
analogy is apparently not very close. 
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In the case of AgH, there are again two known 
'Y* states; in CuH and AuH there are three each. 
Presumably one excited state in each case is 
somewhat similar to the V state in MH. There 
are, however, no obvious resemblances in the 
band spectrum data; x,w, is in each case actually 
greater for the excited than for the WN state, 
while w, shows no remarkable features. It will be 
noted (cf. Table III of Paper I) that A*++H_™ lies 
higher in these molecules than in MH. State N is 
now doubtless predominantly nonpolar. 

For the atoms Cu, Ag, Au (especially Cu, Au 
there is a complication not present with the 
atoms M, namely the presence, near the surface, 
of d electrons. For this reason, in building up 
wave functions for the low '* states of these 
molecules, using atomic orbitals, we should con- 
sider not only A(---ms, 2S)-H and AtH-, but 
also A(--+-dodr‘dé‘ns?, *DZ)-H and_ perhaps 
At(-++dodxdé‘ns, \DZ)H~ too. Using molecular 
orbitals, similar complications also arise. These 
complications, and the increased energy of 
At+t+H~- above A+H, and the occurrence of 
A(---d°ns?, 27D)+H in addition to A(---np, *P) 
+H as a possible dissociation outlet, suffice to 
explain the lack of superficial analogy of the 
excited 'S* states of CuH, AgH and AuH to 
those of MH. The lowest excited states in these 
molecules are probably mixtures of a V with 
other types of states, and thus probably are only 
partially analogous to the V states of MH and 
MeH?*; perhaps it is best not to use the label V 


at all in these cases. 
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A Mass-Spectrographic Study of the Isotopes of Argon, Potassium, Rubidium, Zinc 
and Cadmium 


ALFRED O. NiER. Department of Physics, University of Minnesota, Minneapolis, Minnesota 


(Received September 21, 1936) 


A mass spectrograph is described with which a study of the isotopic constitution of argon 


potassium, rubidium, zinc and cadmium has been made. A calculation is carried out which 


indicates that the radioactivity of potassium and rubidium can best be explained by assuming 
that it is Kin the case of potassium and Rb* in the case of rubidium which is undergoing decay 


PRELIMINARY report of the results to be 
described here has already been given for 
potassium! and rubidium, zinc and argon.’ In 
addition to including a more detailed discussion 
of the previous results this paper includes an 
analysis of cadmium. 
APPARATUS 
A diagram of the apparatus used for the study 
of potassium, rubidium, zinc and cadmium is 
shown in Fig. 1. The apparatus differed from that 
of Tate and Smith’ in that a much higher mag- 
netic field is employed here as well as a greater 
radius of curvature for the ions. The resolving 
power of the present apparatus was thus much 
higher. The metal parts of the apparatus were 
constructed entirely of tantalum except for the 
analyzer J which was made of copper. The Pyrex 
glass housing was entirely free of wax or grease 
joints. An electric furnace surrounded the main 
tube which could thus be maintained at any 
desired temperature. The side arm which con- 
tained the analyzer tube was not heated. Conse- 
quently any vapor which diffused into this region 
would condense. The low pressure thus produced 
in this region greatly reduced the number of 
collisions suffered by ions on their way around the 
analyzer ; this helped to keep the resolving power 
of the apparatus at a high value. The substance 
to be studied was placed in a small side tube not 
shown in the diagram. By adjusting the temper- 
ature of an auxiliary furnace which surrounded 
this side tube one could adjust the vapor pressure 
of the substance to be studied. The pressure was 
always kept below about 10-* mm Hg. A large 
solenoid whose axis was parallel to the main tube 


A. O. Nier, Phys. Rev. 48, 283 (1935). 
A. O. Nier, Phys. Rev. 49, 272 (1936). 
Tate and Smith, Phys. Rev. 46, 773 (1934). 


1 
2 
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surrounded the entire apparatus and produced a 
field of approximately 2000 gauss. 

The apparatus used for the study of argon 
differed only in minor features from that described 
above. 

METHOD 

Electrons emitted by the hot tungsten filament 
F are accelerated by a small voltage (about 4 
volts) applied between F and A. In the region 
between A and B they are further accelerated to 
any velocity that one may desire. They are finally 
collected on a plate E in the electron trap D. A 
small voltage is applied between the plates G and 
M in such a direction that it draws the positive 
ions formed by collision of electrons with gas 








G, S> 
noes me gE - 
CROSS SECTION 
PPP PPP POPE EE EEE EEE EEE EEE FEED EEE EEE E81) 
G 
al ra r t | a? 
HC ad 
TLIIIIETTATATIIALIII IE LILLE LL LATE TILLILITIE 
SIDE VWIEW 
J ee eee 
01412345 cm 








Fic. 1. Diagram of apparatus used for the study of 
potassium, rubidium, zinc and cadmium. Slit S,;=0.25 
mm; Slit S;=0.15 mm; Slit S.=0.15 mm for K, 0.07 mm 
for Rb, Zn and Cd. 
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molecules or vapor particles toward G. Those ions 
which pass through slit S; are further accelerated 
by a potential applied between G and H. A cer- 
tain fraction of these then passes through slit S» 
into the analyzer. In the analyzer all ions travel 
in circular paths; those which have the proper 
ratio of mass to charge will emerge through the 
slit S; behind which they are collected by the 
plate P and measured by a vacuum tube amplifier. 
By adjusting the difference in potential be- 
tween G and // one can sweep over the mass 
spectrum. The magnetic field is held constant 
except for unavoidable fluctuations which are 
compensated for by a special device.‘ 


RESULTS 

Argon 

A typical mass spectrum obtained is shown in 
Fig. 2. In addition to the isotopes 40 and 36 one 
can see a very definite peak at 38 corresponding 
to the very weak isotope reported by Zeeman and 
de Gier.’ From a measure of the peak heights it 
was found that A*’/A%*=325+4 and A**/A%s 
= 5.10+0.07. The A*’/A* ratio is in good agree- 
ment with the value 304 found by Vaughan, 
Williams and Tate.* With Aston’s values for the 
packing fraction of argon one calculates from the 
above ratios an atomic weight for argon of 39.957 
in atomic mass units or 39.957 /1.000275 = 39.947 
in chemical weight units. The agreement with the 
International value, 39.944, is within the experi- 
mental errors. 

The following upper limits can be set for the 
abundances of hypothetical isotopes relative to 
A*: A*t and A*®, 1/10,000; A® and A*’, 1/20,000. 


Potassium 

For potassium besides the isotopes 39 and 41 
an isotope of mass 40 was discovered. The 
K**/K* abundance found to be 
13.96+0.1 and the 1/8600+10 
percent. The presence of K*° has since been veri- 
fied.”: § The K*®/K* ratio has been measured by 
various individuals in recent years. Brewer and 


ratio was 


K*°/K%9 ratio 


*A.O. Nier, Rev. Sci. Inst. 6, 254 (1935). 


*Zeeman and de Gier, Proc. K. Akad. Amsterdam 37, 
3 (1934). 

®* Vaughan, Williams and Tate, 
(1934). 

? Brewer, Phys. Rev. 48, 640 (1935). 

* Sampson and Bleakney, Phys. Rev. 50, 456 (1936). 


Phys. Rev. 46, 327 
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Fic. 2. Mass spectrum showing the isotopes of argon. 


Kueck® gave the value 13.88+0.4. More recently 
Brewer has given the values 14.257 and 14.20.'° 
Bondy, Johannsen and Popper" gave the value 
16.2+2.2. Manley” has given the value 13.4+0.5. 
If one assumes the packing fraction of potassium 
to be the same as that of argon one computes 
from the abundance ratio, 13.96, a chemical 
atomic weight 39.096 in exact agreement with the 
by Baxter and 


chemical weight measured 


MacNevin." 


Rubidium 


For rubidium the previously known isotopes 
Rb® and Rb*’ were found. The abundance ratio 
measured was Rb®*®/Rb*=2.68+0.02. Other 
values which have been given for this ratio are: 
Aston," 3.0; Brewer and Kueck,’ 2.59+0.04; 
Bondy, Johannsen and Popper," 2.68; Brewer,” 
2.59+0.01. If one assumes the packing fraction 
of rubidium to be the same as that of krypton one 
calculates a chemical atomic weight for rubidium 
of 85.45. The latest determined chemical weight 
is 85.48.!° 

® Brewer and Kueck, Phys. Rev. 46, 894 (1934). 

10 Brewer, J. Am. Chem. Soc. 58, 365 (1936). 

1! Bondy, Johannsen and Popper, Zeits. f. Physik 95, 
46 (1935). 

2 Manley, Phys. Rev. 49, 921 (1936). 

13 Baxter and MacNevin, J. Am. Chem. Soc. 55, 3185 
(1933). 

14 Aston, Proc. Roy. Soc. Al34, 575 (1932). 

'5 Brewer, Phys. Rev. 49, 867 (1936). 

16 Archibald, Hooley and Phillips, J. Am. Chem. Soc. 58, 
70 (1936). 
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Fic. 3. Mass spectrum showing the isotopes of zinc. 
§ I 


The real reason for undertaking the study of 
rubidium was to establish the existence or non- 
existence of other possible isotopes because of the 
importance of this knowledge in relation to the 
radioactivity problem of rubidium. No new iso- 
topes were found and it was possible to set the 
following upper limits for abundances relative to 
Rb®: Rb*, Rb, Rb®, Rb** and Rb®, 1/100,000 ; 
Rb*®, 1/60,000; Rb*™, 1/12,000; Rb**, 1/13,000; 
and Rb*’, 1/22,000. 

Zinc 

Fig. 3 shows a typical mass spectrogram ob- 
tained for the isotopes of zinc. It is clearly seen 
from this that there are present the isotopes 64, 
66, 67, 68 and 70 in complete agreement with the 
results of Bainbridge.'’ Recently Stenvinkel and 
Svensson'® claim to have found the isotopes 
Zn® and Zn®—both more abundant than Zn”. 
Fig. 4 shows the lower part of Fig. 3 drawn to a 
greatly magnified scale. It is quite obvious from 
this that Zn® and Zn®™ do not exist—at least, not 
in the magnitude claimed. From a measurement 
of the background it is concluded that Zn®, Zn®, 


17 Bainbridge, Phys. Rev. 39, 847 (1932). 
18 Stenvinkel and Svensson, Nature 135, 955 (1935). 





and Zn* are present in zinc to less than one part 
in 40,000, 80,000 and 60,000, respectively. These 
abundances compared to Zn7® would be 1, 200, 
1/400, and 1/300, respectively. ' 
The following table gives the percentage 
abundances of the several isotopes. The table 
also includes the results of Aston as revised by 


Bainbridge. 

Mass number 64 66 67 68 70 

Percentage 50.9 27.3 3.9 17.4 0.5 

Aston’s revised 50.4 27.2 4.2 17.8 0.4 
value 


The agreement is excellent as may be seen. 

With a packing fraction of —9.9 for zinc, 
Aston’s figures yield a chemical atomic weight of 
65.33. The value obtained from the writer's 
figures is 65.31. The present International value 
is 65.38. The writer is unable to explain the large 
difference between the chemical value and the 
mass-spectrographic value. 


Cadmium 


The isotopic constitution of cadmium like that 
of zinc has been open to question. Aston!’ re- 
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Fic. 4. Lower portion of Fig. 3 drawn to a greatly 
magnified scale. 





18 Aston, Proc. Roy. Soc. A149, 396 (1935). 
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ported the isotopes 106, 108, 110, 111, 112, 113, 
114, 115 and 116. Stenvinkel 
from their investigation of the band spectrum of 


and Svennson!* 


cadmium hydride reported an isotope of mass 
118. Recently Bainbridge and Jordan®® showed 
that Cd'® could not exist in an amount greater 
than § that claimed for it by Aston. They also 
were unable to find any trace of Cd''’. Dempster”! 
could not find Cd!®, 

Fig. 5 shows a typical mass spectrum obtained. 
As the mass spectrograph has a greater resolving 
power for lower masses, doubly charged ions were 
worked with in this case in preference to the 
singly charged. The isotopes found and their 
corresponding percentage abundances are listed 
below. Aston’s values are also listed for com- 


parison. 


Massnumber 116115 114 113 112 111 110 108 106 
Percentage 7.3 0 28.0 12.3 24.2 13.0 12.8 1.0 1.4 
Aston’s values 5.9 0.8 23.7 14.9 21.8 15.2 15.2 1.0 1.5 


If one assumes a packing fraction for cadmium of 
— 6 one calculates a chemical weight for cadmium 
of 112.37 from the writer’s values. The value 
calculated from Aston’s figures is 112.2+0.1. The 
present International value is 112.41. 

In addition to the above work it was possible 
to set the following upper limits for abundances 
of hypothetical isotopes in cadmium: Cd", 
1/14,700; Cd", 1/800; Cd!, 1/2350; Cd, 
1/2350. The above limit on Cd''® corresponds to 
1/200 of Cd!°*. Stenvinkel and Svennson in their 
paper claimed Cd"* to be more abundant than 
Cd'**. From the present work it is obvious that 
this is impossible. The above upper limit on 
Cd" corresponds to } of the abundance claimed 
for it by Aston. By coincidence this is the same fac- 
tor by which Bainbridge and Jordan limited Cd'". 


THE RADIOACTIVITY PROBLEM OF POTASSIUM 
AND RuBIDIUM* 


Potassium and rubidium have long been known 
to give off beta-particles spontaneously. The 
question of which isotope was responsible for this 


20 Bainbridge and Jordan, Phys. Rev. 50, 282 (1936). 

1 Dempster, Proc. Am. Phil. Soc. 125, 755 (1935). 

* Hevesy, Naturwiss. 23, 583 (1935), has given an excel 
lent summary of this problem. His paper was written before 
the writer’s analysis of potassium and rubidium had been 
announced so that it does not include the additional in- 
formation presented here. 
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Fic. 5. Mass spectrum showing the isotopes of cadmium. 


in each case has for some time been a matter of 


speculation. 

If the calculations of Ruark and Fussler® on 
the minimum half-lives of potassium and ru- 
bidium include the writer's 
present work on the isotopic constitution of po- 
tassium and rubidium it is possible to make a 
calculation which indicates in each case the iso- 
tope most likely to be the radioactive one. The 
method of calculation is as follows: Consider a 
mineral sample containing N atoms of a radio- 


are extended to 


active element of which only a fraction, A, are 
active. Suppose that the age of the mineral is / 
and that the apparent decay constant of the 
element is \’. Then the number of atoms, », of 
the decay product which have accumulated in 
time ¢ is: 

n=AN(e'"’4—1). (1) 
As some of the end-product atoms may have been 
present originally in the mineral we may write: 


N.2AN(e*'/4—1), (2) 
where JN, is the total number of atoms of the 
end-product type present in the mineral. 

For the case of potassium let us now apply Eq. 
(2) to the hypothetical disintegration : K*°—Ca*’, 
K*-—>+Ca*! and K*—>Ca* to see which one or ones 
will satisfy the equation. We will use Aston’s”® 
values for the percentage abundances of calcium 
isotopes in old potassium minerals, namely : Ca*, 


*” Ruark and Fussler, Phys. Rev. 48, 151 (1935). 
23 Aston, Nature 133, 869 (1934). 
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nN 


Ce: 
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96.76; Ca*, 0.77; Ca*, 0.17; and Ca“, 2.3. We 
will also make use of Aston’s upper limit for Ca* 
which was 0.1 percent. The isotopic constitution 
assumed for potassium is that previously given in 
this paper. The remainder of the information 
needed to carry out the calculation is given in 
Ruark’s and Fussler’s paper. The results of the 
calculations show: 


1) For all three minerals considered the disintegration, 
K*°-+Ca*®, satisfies the equation. 

2) For two of the three minerals the hypothetical dis- 
integration, K*+Ca*!, will not satisfy the equation. 
The fact that it does satisfy it in one of the cases is 
not significant as the disintegration K*°—~Ca* also 
satisfies the equation for this particular mineral. 


we 
~ 


For all three minerals the disintegration, K“~Ca®%, 
will not satisfy the equation. This is direct evidence 
against the speculations of Sitte.** 


Additional evidence to support the hypothesis 
that the radioactivity of potassium is associ- 
ated with K*® comes from the experiments of 
Klemperer® and from the distillation experiment 
of Hevesy and Logstrup,?* when taken together 
with the new atomic weight determinations of 
potassium by Baxter and MacNevin" and Baxter 
and Alter.?? 

K* may be eliminated as the active isotope as 
it has been produced artificially by.three different 
means*® and found to have a half-life of 16 hours, 
a value far too low to enable one to assume that 
the natural activity of potassium is associated 
with this isotope. 


24 Sitte, Nature 136, 334 (1935). 

25 Klemperer, Proc. Roy. Soc. A148, 638 (1935). 

26 Hevesy and Logstrup, Zeits. anorg. v.a. Chemie 171, 
1 (1928). 

27 Baxter and Alter, J. Am. Chem. Soc. 55, 3270 (1933). 

*8 Hevesy and Levi, Nature 135, 580 (1935). 


For the case of rubidium let us apply the 
equation to the following hypothetical dis- 
integrations: (1) Rb*—-Sr*; (2) Rb*®—-Sr®; 
(3) Rb’*—Sr**; (4) Rb’7—Sr*7; (5) Rb-Sr’; 
(6) Rb**—Sr**. The percentage abundances of 
the strontium isotopes used will be those of 
Blewett and Sampson*® namely: Sr**, 82.4; Sr®’, 
7.5; Sr*®, 9.6; Sr™, 0.5. Their upper limits on the 
abundances of Sr® and Sr®* will also be used. The 
isotopic constitution of rubidium used will be 
that previously given in this paper. In the case of 
rubidium one does not have definite minerals to 
consider as in the case of potassium. Conse- 
quently, in the absence of any better information 
one has to use the ratio of the total amount of 
strontium to the total amount of rubidium in the 
earth’s crust in order to calculate the ratio N,/N. 

Again carrying out the calculations as was 
done for potassium we find that only the hypo- 
thetical disintegrations Rb®—Sr® and Rb*?7—Sr 7 
will satisfy the equation. The latter satisfies the 
equation very easily whereas the former comes 
close to not satisfying it. Had the upper limit for 
Sr® been 4 of that given the disintegration 
possibility Rb*®—Sr* would have been ruled out 
by the equation. Thus it seems most reasonable 
to associate the radioactivity of rubidium with 
Rb*? although it should be remembered that 
the rough calculation carried out here does not 
exclude Rb® as the active one. A further search 
for Sr® should clear up this point. 

The writer wishes to express his appreciation to 
Professor John T. Tate for his constant interest 
and valuable suggestions in connection with 
this work. 


29 Blewett and Sampson, Phys. Rev. 49, 778 (1936). 
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The Scattering of Light by Light According to the Born-Infeld Theory 


CHARLES D. Tuomas, Ryerson Physical Laboratory, University of Chicago, Chicago, Illinois 


Received September 24, 1936) 


The nonlinearity of the unquantized Born-Infeld field 
equations leads to the prediction that light should scatter 
light. The result from the Dirac electro- 
dynamics; however, the natures of the effects are essen- 
tially different. Whereas in the quantum electrodynamics 
a photon interpretation proves tenable, in the Born theory 


follows also 


such is not the case. Here the scattering occurs only if the 


CONSEQUENCE of the linearity of Max- 

well’s equations is the superposition law for 
electromagnetic fields, and it has often been 
pointed out that according to theories based on 
nonlinear field equations a scattering of light by 
light should occur. Such an effect should, there- 
fore, be calculable from either the unquantized 
Born-Infeld' theory or from the Dirac quantum 
electrodynamics. Indeed, it has sometimes been 
rather loosely stated that the two theories are 
equivalent in this respect. Although the energy 
density expressions in them are of the same order 
of magnitude and differ only in the constants, 
the predicted scattering may be expected to differ 
considerably since the one is purely classical, the 
other essentially quantum mechanical. The pre- 
diction as a consequence of the Dirac hole theory 
has been examined principally by Euler, Kockel 
and Heisenberg.’ Euler has noted that the results 
of his computations are of a purely quantum 
mechanical nature. It is the purpose of the pres- 
ent discussion to consider the scattering accord- 
ing to the classical concepts of the Born-Infeld 
theory. 

From Euler’s calculations, it follows that ac- 
cording to the Dirac theory, the scattering may 
be described by the photon theory: two primary 
photons hy; and hyve2 collide and form two scat- 
tered photons hy; and hysy. This result may be 
reformulated for comparison with the present 


theory as follows: if at some time, the radiation 


field consists of two beams of frequency v; and ve, 
wave number vectors k,; and ke, then in the 








1 Born and Infeld, Proc. Roy. Soc. 144, 424 (1934). 

2 Halpern, Phys. Rev. 45, 855 (1934); Euler and Kockel, 
Naturwiss. 12, 246 (1935); Heisenberg and Euler, Zeits. 
f. Physik 98, 714 (1936); Euler, Ann. d. Physik 26, 398 
(1936). 


proper relationship exists between the frequencies and 
directions of the incident beams, and the scattering takes 
place only into certain frequencies and directions charac- 
teristic of the initial radiation. It is found that the two 
theories are comparable as to order of magnitude and 
dependence on the frequency. 


course of time other (scattered) beams will ap- 
pear. The v3, k; of these beams are restricted by 
the requirement that there be a v4, ks such that 


Vatvse=ri+P2, k;+k,=k,+k». 


On the other hand, calculation from a classical 
nonlinear theory leads to radically different re- 
sults. Again, if the primary radiation consists of 
two beams, scattered beams of new frequency 
and direction (v3, k;) appear, but these are deter- 
mined by the equations 


k; =m,k,+moko, 


¥3= Nw y+ Neovo, 


the m’s and n’s being small integers whose values 
are determined by the nonlinear part of the 
equation. Thus the phenomenon is a sort of 
“Bragg”’ reflection, the interference pattern of 
the two primary waves forming the moving lat- 
tice. It is probable that this type of scattering 
will also occur according to the Dirac theory. 

Born’s theory of the electromagnetic field leads 
to equations which in ordinary units take the 
following form: 


10a 
Vv XE+- —B=0, 


V-B=0, 
c él 
(1) 
1a 
vVxXH-—-—D=0, V-D=0. 
c ot 


Evidently these would reduce to the equations 
of Maxwell for a vacuum if B were equal to 
H and E were equal to D. However, in this theory 
a vacuum is polarized by the fields, the electric 
displacement and magnetic induction being ob- 
tained from the relations, 


D=(E+«BG)/K, H=(B-«EG)/K, (2) 
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SCATTERING OF 


where K=(1+eF—€G*)', ¢€=constant, 


F=B°—E’, G=B-E. 


The order of magnitude’ of ¢ is 10-**, and there- 
fore for most cases the results arrived at will 
differ very little from those obtained by the more 
usual equations. Hence it is to be expected that 
the scattering due to the interaction of light 
beams will be very small. 

The primary quantities describing the field are 
chosen to be B and E. For the present purpose 
the second set (1) is written in another form 
involving the virtual currents and charges pro- 
duced by the polarization of space: 

1a 
Vv xB-- 
c ot 





E=4rj, V-E=4rp, (3) 


10 
where 4rj=VxX(B—H)+-—(D-B), 
c al 
4rp=-—V-(D-E). (4) 


Introduction of the potentials A and ¢ in the 
customary manner and the usual Maxwell auxili- 
ary condition reduces the four field equations to: 

1 0A 1 0° 
———-=-4rj, V*o-—— =-—4rp. (5) 


c of c of 





vA 


Since € is a very small parameter, it is possible 
to develop quantities involving it in a power 
series of the form: 

X=XO+EXOY+EXO4+.--., (6) 
where X represents any of the quantities enter- 
ing the theory. Expanding A and j, ¢ and p in 
this manner and equating coefficients of e", from 
Eq. (4) we get 


1 3 
V2A() —~— — AM = —4rj™, 
c at 
(7) 
1 3 
V2o™ — a og = —Arp™, 
c* of 


In particular 7 and p™ are identically zero. 
It will be supposed that A™, dA /dt, ¢™, and 
d¢)/dt (n 0) are zero at all points in space at 
t=0, while A, 6 are known functions at the 
initial time. 








’ This is for the corrected value which takes account of 
the electron spin; Born and Schrédinger, Nature 135, 
342 (1935). 


LIGHT BY LIGHT 1047 


It is convenient to suppose that the radiation 
under consideration is confined in a unit cube, 
and that the fields have the same values at 
opposite points of the boundary of the cube.‘ 
Then A and ¢ may be expanded in series: 


A=>-aA,+2a,A,, =D b.¢., (8) 


where the a’s and 0’s are functions of time alone 
and 
A, = e,(42c?)! exp (7k, - 1), 


A, =f,(47c*)! exp (7k, -r), (9) 
= (4rc*)! exp (ik, -r), 


e, being a unit vector in the direction of polari- 
zation, and f, a unit vector in the direction of 
propagation. These satisfy 
V°A) —_ Vv)? CA) =(), V°A, = ve" CA, = (), 
(10) 
V°o. — ve"/c*. =0, 
and V-A,=0, V-A,=kede, 
Voe=k,A,, VXA,=k XA). 


Thus A, belongs to the transverse part of the 

vector potential, and A, to the longitudinal part. 

These quantities are normalized so that 

fa -Ay *dr=42e76):, [As-Aetas = 41c*5,.°, 
(11) 


In the expanded form of j and p will occur 
terms in (D™—E™) and (B™ —H™) (see Eq. 
(4)), the first two pairs of which by (2) are found 
to be: 


D® —E® = BOG —Eo Fo 2, 
BO —H )D)=EBOGO+B 0) FO) _ 
D® —E® =BOG 4+ BOG —E Fw /2 
—E® FO /2+ jE FO FO 
+ EOGOG 2—B FOG 2, 
B® —H® =EG® +EVGO 4+ Bo Fo, 2? 
+B FO 2— 2B FO FO 
—BOGOG® 2-—-E™ FOG , a 


(12) 


‘Cf., for instance, Heitler, Quantum Theory of Radiation, 
Chap. I, Sec. 6. 
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It may, therefore, be seen that j™ is a function 
involving terms of degree 3 in A® and ¢®, and 
that j® is a function involving terms of degree 5 
in A® and ¢ and terms of degree 2 in A® 
and ¢® times first degree in A® or 6. 

In harmony with Eq. (8), let 


A, = ¥°e,(42c?) to, exp (irl) 


+c_y exp (—irt)] exp (tk,-r), (13) 


while, for simplicity, the initial longitudinal com- 
ponent will be supposed to be zero. The summa- 
tion is to cover both positive and negative sign 
before k,, the coefficients of exp (ik-r) and 
exp (—ik-r) being conjugates. In the following 
discussion (13) will be restricted to the case of 
two initial beams. By consideration of (3), (12) 
and (13) it is seen that j® for such a case is of 
the form: 


j => (en(42c*)*) jum exp if (miki +meke)-r 


+(miritmere)t], (14) 


= >) (€m(47c?) #) Jom exp i(Km+ T+ vol). 


Om 


where m, and mz may take any integral value 
between —3 and +3 provided |m,—mz| =1, 3. 
The corresponding relation holds for the m’s with 
the additional restriction that m,; and m, (or mo, 
mz) must both be even or both odd. The equa- 
tion for the first order terms of the potential 
may now, with the help of (8), (9), (11) and (14), 
be reduced to 

da, 

—"* vata = dere? jon exp (zvol), (15) 

df? 


the summation being only over those vp permitted 
for k, by the conditions on Eq. (14). A similar 
type of equation results for the longitudinal part 
of the vector potential and for the scalar poten- 
tial, but for the present only the transverse part 
will be considered. The solution of this equation 
will consist of small oscillating terms and terms 
whose amplitude increases with time (i.e., reso- 
nance terms). In order that a term in the solution 
be of increasing amplitude, it is necessary that 


c| ky | =+” 


(16) 


c| mk, +meke| = + (myv1+ Mov). 


i.e., 


CHARLES D. 





THOMAS 


For given magnitudes of »; and v2 this may be 
fulfilled for those permitted values of m and n 
only if the angle between k, and ky satisfies the 
following : 
+ cos 6 

(m1? — n,*) v3? + (me? — ng?) vo? — 2n nor, V2 


= ——_————. . CF 
2m Mev V2 





By a similar consideration and the use of the 
solution of (15), 


j° =X (en (4c2)4) (jum — Ram) 


nm 


Xexp 7[ (miki +meke)- r+ (171 +meve)t | 


= + (€,(42c?) 4) (Jom™ = Rom t ) 
Om 


Xexpi(Kn-r+vol), (14’) 


where the m’s and n’s may take any integral 
value between —5 and +5 provided |m,—mz| 
=1, 3, 5, and a similar relation for the m’s, and 
again ,, m, are both even or both odd. Corre- 
sponding to (15), the equation for the second 
order terms of the transverse potential becomes 


d?a,® dfée+ v 2a, = 4rc?’>- (joa —_ kot) 
0 


Xexp (trot), (15’) 


the solution of which will also consist of small 
terms and terms whose amplitude increases with 
time. Again an equation like (17) determines the 
angles at which two beams of given frequency 
must intersect in order to obtain resonance terms. 

In order to discuss the scattering, it is neces- 
sary to have a definition of intensity. It will be 
supposed that the time average of 


4 da, /dt|?-+»2| a, |2] (18) 


is the intensity of radiation of wave number k. 
In the Maxwell theory, the justification for this 
is that the total energy can be expressed as the 
sum of such terms, plus contributions from the 
longitudinal components. In the Dirac theory 
the justification is to be found in the photon 
interpretation of the process of quantization. In 
the Born-Infeld theory, the definition of inten- 
sity as a function of the frequency is not clear; 
in order to keep as close as possible to the other 
theories, expression (18) will be assumed to be 
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the “intensity,” but, because of the nonlinear 
nature of the equations, it cannot be identified 
with “energy.”’ 

In the preceding discussion only one oscillator 
of frequency », has been considered, it may be 
shown however that there are v*dvydQ/(2rc)* of 
these natural oscillators in the frequency range 
having directions within the solid angle dQ. This 
factor must therefore multiply the equation. It 
is desired to average this over a small frequency 
range in order to eliminate the accidental inter- 
ference effects which arise from the initial co- 
herence of the vibrations. Hence the desired 
intensity is given by 

TT 


h=(1 r) | Iy*dt, (19) 


0 


where 


wtdv 7 dy 
? r 1 9 9 
I= | -- [ day dt|*+- v7! a) 2] . 
J»—Av \ (2m)? 


Expansion of (18) yields 


1 \da, 3 “Wda,x™ da)? 
eo) ee Pe | ape 
2L| dt | dt dt 
ri da)? 
+7| aa, |? 1+ 2 eo +nt|a|*) 
2\i dt | 
da, da)? 
oo —<— sa vy)? a, a, | 2 + eee, (20) 
dt dt 


Upon substitution of the values of the a’s from 
(13) and from the solutions of (15) and (15’), 
and carrying out the averaging processes indi- 
cated in (19); it is found that the first term is 
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the Maxwell energy, the second term gives no 
contribution which increases with time, while the 
third term gives the scattered intensity: 


27) 


Sy = {(cr,?/2) 0 lpr |? + |jaa™ |] 
+enl|icxakra| + 1C_y»,R-»r ]} 2. (21) 


If the functions j, c and & are expressed in 
terms of the initial field strengths, it is found 
that the ratio of scattered intensity per unit time 
to the incident intensity is of the order of mag- 
nitude v#(E))4e?/2'72¢3, For the sake of com- 
parison with the quantum-mechanical results, 
put (E)?/4r7=nhv/2r, where n is number of 
photons passing through unit cross section per 
unit time. Then the ratio is equivalent to 
v8(hn)?/28x2c? or 10-88/XA® (when m is of order 
10°). The quantum-mechanical deduction of 
Euler gives the transition probability for two 
colliding photons to be 


8r 1 


[3+ cos? @ }?(e?/me?)*(h/mc)*—, 
¥3* d? 





which is of the order 10~*°/A®. However, although 
the magnitude of the scattering in the two cases 
is comparable, it should be emphasized that the 
nature of the phenomenon is fundamentally dif- 
ferent ; for while the Dirac theory yields a proba- 
bility of scattering into all angles ¢, the nonlinear 
addition to the classical field equations gives 
scattering only if the angular relationship of the 
beams is correct, and the scattering is only into 
a few characteristic directions. 

The author wishes to express his sincere appre- 
ciation to Professor C. Eckart for proposing the 
problem and for his numerous helpful discussions 


and suggestions. 
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The Cooling of a Surface by Photoelectric Emission 


HuGuHes M. Zenor, The Rice Institute, Houston, Texas 
(Received August 31, 1936) 


The cooling of a surface when photoelectrons are allowed to flow from the surface was 
measured. The surface consisted of a thin layer of Cs deposited on platinum, and the change in 
temperature was measured with a Fe-Ni thermocouple. The energy loss by the surface was 
found to agree approximately with that to be expected theoretically assuming that the photo- 


electrons lose very little energy in escaping by collisions or otherwise. 


I. INTRODUCTION 
HE cooling of a surface when thermionic 
electrons are emitted has been measured by 
Richardson! and others. The results obtained for 
tungsten and other metals are consistent with 
recent determinations of the work functions by 
thermionic and photoelectric methods. 

The purpose of the research, here described, 
was to determine the cooling of a surface when 
photoelectrons are emitted. 

In the determination of the cooling of a 
surface when photoelectrons are emitted, the 
small electron currents possible demand a very 
sensitive temperature measurement. 

A bolometer method similar to that used in the 
thermionic work was first tried but did not prove 
satisfactory ; so this method was discarded, and 
thermocouples were used instead. 

Two similar photoelectric cells were illuminated 
with the same source of light. Each cell contained 
a small platinum plate coated with caesium, the 
temperature of which was measured with an 
Fe-Ni thermocouple. The thermocouple junctions 
of the two cells were connected in series with a 
galvanometer in such a manner that the e.m.f.’s 
of the two cells opposed each other. In this way 
it was possible to determine the change in 
temperature when the photoelectric current was 
started or stopped in one of the cells. The 
photoelectric current was controlled by the 
potential of the anode. 

If an electron of kinetic energy « absorbs a 
quantum of energy /iv, loses W(x) in its journey 
to the surface, and then while passing through 
the surface potential barrier W, loses energy 
W.e; the velocity V of the emitted electron will 
be determined by the equation, 

10, W. Richardson, The Emission of Electricity from Hot 
Bodies (1916). 


3m V?=e+hv— W(x) — Wie. (1) 


When an electron with energy ¢ escapes, another 
electron with energy e’ must take its place so that 
the energy (e’—e) will be gained by the metal. 
The energy lost by the electron during its journey 
to the surface W(x) will result in a heating of the 
metal plate. The difference between the gain of 
energy when the photoelectron is not allowed to 


when it is allowed to escape is 


escape and 
therefore 
hv — W(x) —(e’—e), 


which from Eq. (1), is equal to 
3m V*+ Wee’. 


If we assume that the energy e’, has the maximum 
possible value Wie allowed by the Fermi-Dirac 
distribution of the electron gas at absolute zero,” 
then this is equal to 


hv — (Wie —«€) — W(x) = 3m V2+ gee, (2) 


since @o, the photoelectric work function, is 
equal to (W,— W;). Richardson! found the same 
expression for the loss of energy due to the 
escape of an electron thermionically. 


II. DESCRIPTION OF APPARATUS 


One of the photoelectric cells is shown in Fig. 1. 
A 0.02X7X7 mm platinum plate P supported 
by two strips of platinum, 0.020.512 mm, 
was made photoelectrically sensitive by evapo- 
rating a thin layer of caesium onto its surface 
after the bulb containing the platinum plate was 

2 Since according to the Fermi-Dirac theory all the 
possible energy states from zero energy to the maximum 
must contain electrons, an electron of the highest energy 
would fall into the hole left by the photoelectron. Since 
at room temperatures very few electrons in the metal have 
energies appreciably greater than the maximum energy at 
zero degrees Kelvin, the assumption that e’ is Wie is per- 
missible. 
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Fic. 1. Photoelectric cell. 











sealed from the pumps. The metallic caesium was 
obtained by exploding a 2.5 milligram caesium 
pellet® in the side tube CD with an induction 
heater. The caesium was then driven from the 
side tube into the bulb by means of a torch. 

A Ni-Fe thermocouple was spot-welded to the 
center of the platinum plate. The thermocouple 
junction was made of Fe wire 1.7 mils diameter 
and nickel wire 1.2 mils diameter. 

The anode A, two loops of 17-mil tungsten 
wire, could be heated by passing a current 
through it. Ni plates NNNWN were attached to 
the tungsten anode leads on both sides of the 
tungsten-Pyrex seal, to prevent undue heating 
of the seals. The anode gave sufficient thermionic 
current when heated to outgas the platinum 
plate by electron bombardment; also by heating 
the anode, any caesium condensing on it could be 
removed. 

The cells were pumped out with a two-stage 
oil diffusion pump and the vacuum was measured 
with an ionization gauge. The cells were baked at 
500°C (vacuum better than 10-* mm of Hg) for 
18 hours or more. The platinum cathodes were 
bombarded with 600-volt electrons until they 
ceased to give off gas. The vacuum was 10-7 mm 


* Dr. C. J. Davisson of the Bell Telephone Laboratories 
very kindly gave me these pellets. 
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of Hg when the cells were sealed from the 
pumps. 

The external tungsten to copper junctions 
were immersed in oil and each cell was covered 
with cotton to reduce the temperature fluctua- 
tions. Aluminum foils were wrapped around the 
cell at SS, so that the leakage currents over the 
glass surface of the cells would not affect the 
galvanometer deflections. 

The thermocouple junctions of the two cells 
and a resistance were connected in series with a 
low resistance, all-copper circuit, Leeds and 
Northrup galvanometer (sensitivity 1.35 10-8 
volt per mm, at a scale distance of two meters). 
The thermocouple junctions were connected so 
that the thermoelectric e.m.f.’s of the two cells 
opposed each other ; thus small variations in the 
light source did not affect the galvanometer. The 
resistance of the circuit was adjusted so that the 
galvanometer was critically damped. 

The photoelectric current was measured with a 
low sensitivity galvanometer. The photoelectric 
current in one of the cells was started and stopped 
by changing the potential of the anode by means 
of a control switch. From the saturation curves 
(Fig. 2) it can be seen that 22 volts was sufficient 
to get a practically saturated current; also it can 
be seen from these curves that a very small 
electron current flowed from the anode to the 
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Fic. 2. Saturation curves. 
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cathode when the anode was negative in respect 
to the cathode. A 1}-volt potentiometer allowed 
the stopping potential to be adjusted for zero 
photoelectric current. 

The source of light was a 100-watt tungsten 
filament lamp. The heat radiation was absorbed 
in an eight-inch water cell. A 90° prism divided 
the beam into two parts, half falling on the 
platinum plate of cell No. I, and the other half 
falling on the platinum plate of cell No. II. The 
prism was supported on the carriage of a traveling 
microscope, arranged in such a manner as to 
make it possible to adjust the division of the 
light so that the deflections of the thermocouple 
galvanometer could be made zero without moving 
the position of the images of the illuminating 
filament. 


III. RESULTS 


The illuminating filament was turned on, and 
the prism adjusted to give zero deflection of the 
thermocouple galvanometer. The voltage across 
one of the photoelectric cells was then reversed at 
two-minute intervals since, the cooling curves 
Figs. 3 and 4 show that the junction reached 
better than 99.8 of its equilibrium 
potential in two minutes. The photoelectric 
current and the e.m.f. of the thermocouple 
junction were read each time just before the 
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Fic. 3. Cooling curves. 
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Fic. 4. Cooling curves, corrected. 


voltage was reversed. The difference between two 
successive readings of the thermocouple galva- 
nometer gave the change in the e.m-f. of the 
thermocouple due to the photoelectric effect from 
which the change in temperature‘ AT of the 
platinum plate could be determined. 

The rate of loss of heat energy from the 
platinum strip per degree rise in temperature 
above its equilibrium temperature was obtained 
by observing the rate at which the platinum 
strip returned to its equilibrium temperature. 

If the temperature of the platinum plate differs 
by T degrees from its equilibrium temperature, 


‘The sensitivity of the thermocouple junctions in the 
cells could not be determined, so a junction similar to 
those used in the cells but geometrically arranged so that 
the e.m.f. of the junction could be measured was con- 
structed with exactly the same types of wires, platinum 
plate, welded contact, etc. as were used in the cell. This 
junction was thoroughly outgassed in vacuum and left in 
the presence of caesium vapor for a period of time. The 
thermoelectric e.m.f. was found to be 3.05 X10-5 volt per 
degree centigrade; this value remained constant for more 
than three months. The temperature gradient across the 
platinum strip was calculated and found to be negligible. 
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TABLE I. Results for cell No. II. I in meen. K in watts, 
AT in degrees Kelvin, eekar/s 
Trial I Al AT/I K o 
1 1.33 X10 9.09 x10 6.48 < 10° 2.25 X1074 
1.29 8.68 6.73 2.20 
\verage 6.785 2.225 1.51 
2 1.24 7.91 6.38 2.07 
1.20 7.80 6.50 2.40 
\verage 6.44 2.235 1.44 


the rate of change of the temperature is given by 
HdT/dt= —KT, 


where H is the heat capacity of the platinum 
plate and K is the rate of loss of energy per 
degree above the equilibrium temperature. The 
equation is true only if T is very small. Inte- 
grating, we have, 


log T/T)o= —(K/HA)t. 


Since the deflection of the galvanometer D is 
proportional to the temperature rise T of one of 
the junctions above the equilibrium temperature, 
we may write instead of the above 


log D—log Do= —(K/A)t. (3) 


where Dy is the deflection of the galvanometer at 
time ¢=0, and D is the deflection at the time ¢. 
If log D is plotted as a function of time, a straight 
line should be obtained and from the slope of 
this line, the value of K/H may be determined.* 

The temperature was changed by opening, or 
closing, a shutter on a small auxiliary lamp 
focused on the platinum plate. Starting at the 
time the shutter was opened, the 
deflections of the galvanometer were read at ten- 
second intervals. These deflections were plotted 
as a function of time. Some of the results with 
cell No. II are shown in Fig. 3. By drawing a 


or closed, 


5 By solving the equation for the motion of a moving 
coil galvanometer when an exponential e.m.f. is applied, 
it has been shown that the deflection of the galvanometer 
in this case was proportional to the e.m.f. of the thermo- 
couple to a small fraction of a percent. 
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straight line through the points obtained for 
times greater than two minutes, and assuming 
that this straight line is the zero axis, the true 
deflections were obtained. These true deflections 
were plotted as a function of time on semi- 
The curves corresponding to 
those in Fig. 4. From the 
slope of these lines and the heat capacity of the 
value of K may be de- 


logarithm paper. 
3 are shown in Fig. 


platinum plate the 
termined. 

The product of K and the change in tempera- 
ture of the platinum plate when the photo- 
electrons are allowed to flow gives the total 
energy loss by the platinum plate due to the 
total photoelectric current J. If K is in watts and 
I in amperes, ¢= KAT/TJ will be in volts, where 
ge is the average energy in electron volts lost by 
the platinum plate per photoelectron. In Table I 
the results for cell No. II are recorded. The 
results for cell No. I were unsatisfactory because 
a small amount of gas had leaked in. 

A spectral distribution curve was obtained 
using a wave-length spectrometer to obtain a 
monochromatic beam of light. From this distri- 
bution curve the average value of the energy of 
the photons producing photoelectrons was de- 
termined, 1.78 ev; and a value for the photo- 
electric work function @o, 1.17 ev, was obtained. 
From the Fermi-Dirac statistical distribution of 
electrons in a metal, the 
Wie—e was found to be 0.24 ev 

If we compare the values of ¢ with the 
predicted by the left-hand side of Eq. (2), we find 
excellent agreement for cell No. II, provided 
W(x) is very small. The value obtained for W(x), 
0.07 ev, is less than the experimental error. The 
results obtained therefore indicate that due to 
photoelectric emission there is a cooling effect of 
nearly the amount to be expected theoretically 
if the photoelectrons lose very little energy to the 
metal, during their journey to the surface. 

In conclusion I wish to acknowledge my 
indebtedness to Professor H. A. Wilson for many 
helpful suggestions. 
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Wave-Length Standards in the Extreme Ultraviolet 


KENNETH R. More* anp Carou A. RIEKE, George Eastman Research Laboratory of Physics, Massachusetts Institute of 
Technology, Cambridge, Mass. 
Received September 26, 1936) 


In order to be certain that the wave-length standards 
in the extreme ultraviolet are not subject to the small 
errors inherent in the method of overlapping orders the 
wave-lengths of several lines of carbon, nitrogen and 
oxygen have been determined by a method which is free 
of that objection. This has been accomplished by the 
comparison, using a two-meter normal incidence vacuum 
spectrograph, of the first order of the lines in question 
with the first order of certain lines of the Cu II spectrum. 


HE extreme ultraviolet wave-length stand- 
ards of Bowen and Ingram,' Edlén,? Boyce 
and Rieke,’ and Weber and Watson‘ have been 
determined directly or indirectly by the com- 
parison of high orders of the line in question with 
first orders of the secondary and tertiary stand- 
ards obtained from iron or copper arcs. They are 
all subject to the errors which may arise from the 
use of overlapping orders. According to the work 
of Michelson,’ and Kayser® the amount of the 
error depends on the imperfections of the grating 
used. Shenstone’ reports that on a photograph 
taken with the vacuum spectrograph slightly out 
of focus the first-order lines were broadened but 
were sharp on both edges while the second-order 
lines were sharp on one edge and shaded on the 
other. Even if this asymmetry does not persist in 
the position of best focus this source of error is 
always present in the method of overlapping 
orders because it is impossible to have perfect 
focus over the whole plate on account of small 
and irregular deviations of the plate from the 
focal curve. 
The recent work of Shenstone’ on the analysis 
of the Cu II spectrum has made it possible to use 





* This research was carried out during the tenure of a 
Royal Society of Canada Fellowship. 

11, S. Bowen and S. B. Ingram, Phys. Rev. 28, 444 
(1926). 

2B. Edlén, Nova Acta Reg. Soc. Sci. Upsaliensis [4] 
9, No. 6 (1934); Zeits. f. Physik 85, 85 (1933). 

3 J. C. Boyce and C. A. Rieke, Phys. Rev. 47, 653 (1935). 

#R. L. Weber and W. W. Watson, J. Opt. Soc. Am. 26, 
307 (1936). 

5 A. A. Michelson, Astrophys. J. 18, 278 (1903). 

® H. Kayser, Astrophys. J. 19, 157 (1904) ; 20, 327 (1904). 

7A. G. Shenstone, Phil. Trans. Roy. Soc. London 235, 
195 (1936). 


The wave-lengths of these Cu II lines have been computed 
with considerable accuracy by Shenstone by the use of 
the combination principle. The values obtained in the 
present investigation are in good agreement with those of 
Boyce and Rieke, and of Weber and Watson, which were 
obtained by the method of overlapping orders. Since the 
results of three investigations are now in satisfactory agree- 
ment, mean values, suitably weighted, are suggested for 
use as wave-length standards in the extreme ultraviolet. 


the combination principle for the calculation of 
wave-lengths in the extreme ultraviolet. Shen- 
stone found that the wave-lengths of many of the 
vacuum region lines of the Cu II spectrum could 
be calculated from terms which had been de- 
termined from the wave numbers of lines lying in 
the visible and near ultraviolet regions. The 
wave-lengths of the latter have been determined 
by interferometric comparison with accepted 
standards. The far ultraviolet wave-length 
standards which are thus determined by an in- 
direct comparison with secondary standards 
without the use of overlapping orders have a 
greater accuracy than has been obtained experi- 
mentally in the far ultraviolet except in high 
orders. Shenstone estimates that his calculated 
wave numbers are accurate to 0.1 cm~. This 
leads to wave-lengths having an accuracy ranging 
from 0.003A at 41700 to 0.0006A at A800. In the 
shorter wave-length regions a few lines having an 
accuracy of 0.2 to 0.3 cm are used as standards. 
These have a wave-length accuracy of 0.005A or 
better. 

The spectra most suitable as sources of stand- 
ards in the far ultraviolet are those which are 
commonly found as impurities in gas or spark 
discharges, such as the spectra of carbon, nitrogen 
and oxygen. Since the Cull spectrum is not 
suitable as a source of standards in most cases, it 
is desirable that the wave-lengths of lines of C, 
N and O be determined by direct comparison 
with the computed wave-lengths of the Cu II 
spectrum in the same order. 

The instrument used in this investigation is the 
two-meter normal incidence vacuum spectro- 
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graph of the Carnegie Institution of Washington. 
This instrument, which is located in the spectros- 
copy laboratory of the Massachusetts Institute 
of Technology, has been described by Compton 
and Boyce’ in a paper which also discusses the 
method of reduction of the plates. 

The Cull spectrum was excited in a hollow 
cathode discharge in helium in the manner de- 
scribed by Shenstone.’ The C, N and O spectra 
under investigation were excited in the same 
hollow cathode discharge in order to minimize 
any systematic error in the mean value of the 
comparison with the Cu II spectrum which might 
arise if the light from the different sources did not 
fill the grating equally. Precautions were taken to 
reduce any error arising from temperature 
changes during the exposures, which varied from 
one to four hours. 

The wave-lengths given in Table I were ob- 
tained from measurements of the first-order lines 
of Cu, C, N and O on nine spectrograms. The 
plates were measured on a comparator in the 
usual way. In order to reduce personal errors each 
exposure has been measured in both directions by 
two observers. The data were reduced by the 
method described by Compton and Boyce.* The 
computed Cull wave-lengths were used as 
standards for both the reduction of the data and 
the drawing of the correction curves. In the latter 
the difference between the computed and ob- 
served values of the wave-lengths were plotted 
against the wave-length. The corrections to be 
added in order to obtain the final values of the 
wave-lengths were read from this curve. The use 
of such a correction curve allows for any irregu- 
larities in the curvature of individual plates. 

The first four columns of Table I list, re- 
spectively, the spectrum, the wave-length, the 
intensity, and the number of exposures measured, 
for several lines in the spectra of carbon, nitrogen 
and oxygen. The intensities are visual estimates 
of plate blackening. A few of the lines which 
could not be measured accurately because of 
blending with neighboring lines or because the 
line was a partially resolved doublet are given for 
identification purposes. The wave-lengths of such 
lines are given to two decimal places, while other 
wave-lengths are given to three. The letter ‘“‘d”’ 


8K. T. Compton and J. C. Boyce, Rev. Sci. Inst. 5, 
218 (1934). 
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after an intensity indicates that the line is diffuse. 
The wave-length values given by Boyce and 
Rieke, and Weber and Watson are listed for 
comparison in columns five and six, respectively. 
The probable errors of the values given have 
been computed from the deviations of individual 
values from the mean. They are found to vary 
from +0.002A to +0.005A, depending on the 
TABLE I. Wave-length standards. 


Boyce Weber 
Spec- present in- and and Adopted 
trum vestigation Int. |Weight| Rieke | Watson values 


0.126 | 0.127 | 1658.135 


CI | 1658.145 8d 4 

ei 1657.909 8d 4 .916| .879| 1657.908 
CI | 1657.394 5d 4 380} .381 | 1657.388 
CI | 1656.986 | 15d 4 |57.005 1656.994 
CI | 1656.266 | 8d 4 .280 1656.271 
CI | 1561.40 20d 4 42 Al4 

CI | 1560.703 | 15d 5 699! .703| 1560.702 
CI | 1560.308 | 8d 5 .316| .323| 1560.313 
NI | 1494.672 | 4 4 .669 .668 | 1494.670 
CI | 1481.771 3 7 

CI | 1463.336 3d g 33 

CI | 1459.032 | 0 3 

C IL | 1335.700 | 18d 7 71 .713 | 1335.703 
C II | 1334.532 | 15d 6 54 541 | 1334.534 
C I 1329.587 7d 6 58 625 | 

CI | 1329.102 5 6 101 .092| 1329.099 
CI | 1328.815 3 6 831 | 1328.820 
NI | 1319.681 2 6 

NI | 1319.003 1 6 

NI | 1310.947 2 4 .967 

NI 1310.546 1 6 569 

OT | 1306.019 6 7 038 1306.023 
OL | 1304.857 8 7 864) .850) 1304.858 
OT | 1302.170 8 7 192 1302.174 
OI | 1217.640 2 4 645 1217.643 
NI | 1200.719 5 6 .706| .693| 1200.707 
NI | 1200.217 6 6 .220| .215 | 1200.218 
NI | 1199.552 7 6 547| .557| 1199.550 
NI | 1177.701 1 2 677 

NI | 1176.506 1 2 498 | 1176.502 
NI | 1168.543 1 2 A77 

NI | 1167.442 1 2 454 

NI | 1164.314 0 3 

NI | 1163.870 1 3 858 

OT | 1152.129 5 7 

NI | 1134.977 4 6 .980| .980| 1134.979 
NI | 1134.415§| 3 6 419| .416| 1134.417 
NI_ | 1134.162§| 3 6 171} .169| 1134.168 
N II | 1084.584 3 7 579) (582! 1084.582 
N Il | 1084.006 | 2 6 (83.991 |83.990 | 1083.996 
oO! | 1041.686 1 4 

OT | 1040.932 2 4 

OT | 1027.421 | 2 4 

Ol 999.492 | 2 3 494 999.493 
Ol 990.790 3 4 797 990.794 
O1 | 990,198 | 44! 3 | 213 990.205 
OI | 971.721 | 1 3 

OIL | 834.466 2 3 467 834.467 
OIL | 833.332 1 3 332 833.332 
OIL | 832.768 0 2 .762 832.764 


§ The lines A41134.415 and A1134.162 are close enough together to be 
subject to photographic blending in the first order. The intervals in 
the A1134 triplet were determined from second-order measurements 
and the wave-lengths of the two blended components thus determined 
from the wave-length of the other component. The latter wave-length 
was obtained from first-order measurements. 
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number of plates measured and on the quality of 
the line in question. The probable error includes 
the error in drawing the correction curves and 
thus any accidental error in the comparison with 
the copper standards. The systematic error that 
may always be present in the comparison of two 
spectra should be small because all the spectra 
under investigation were excited in the same 
source. It is believed that this systematic error is 
less than the accidental errors of measurement. 

It is of considerable importance that these 
results agree fairly consistently with those of 
Boyce and Rieke, and of Weber and Watson, 
since they were obtained by an entirely different 
method of comparison with secondary standards. 
This agreement indicates that in the case of 
normal incidence spectrographs of first order 
dispersion about 4A per mm which are in good 
focus the method of overlapping orders is ac- 
curate to within the limits of the accidental 
errors. It is probable that in most cases where 
small differences occur the present results are the 
most reliable because more standards were used 
for drawing the correction curves. The agree- 
ment is generally best for the lines for which the 
workers mentioned determined the wave-lengths 
by direct comparison of second or third orders 
with first orders of the iron or copper standards. 
The fact that the agreement is good in the case of 
such lines indicates that the differences which do 
occur are probably due to the errors in drawing 
the correction curves in regions where the stand- 


ards are scarce. 
With the completion of this work the wave- 
length standards in the extreme ultraviolet more 
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nearly satisfy the requirements set up by the 
International Astronomical Union in that the 
results of three independent investigations are in 
reasonably good agreement. It is of importance 
to note that the results of the three investigations 
now include those obtained by the use of two 
different methods of comparison with secondary 
standards as well as those obtained by gratings 
from different ruling engines. As a consequence, 
and after discussion with Professors Boyce and 
Watson, weighted means of the wave-lengths 
obtained by Boyce and Rieke, Weber and Wat- 
son, and in the present investigation are now 
proposed for adoption as working standards of 
wave-length in this region of the spectrum. In 
determining the weighted means suitable weights 
were assigned depending on the number of plates 
from which the wave-length was obtained in each 
investigation and on the number of standards 
used in each for drawing the correction curves in 
the neighborhood of the line in question. The 
values thus proposed as standards in the extreme 
ultraviolet are given in the last column of Table I. 
The authors wish to thank Dr. Paul Bartunek 
for assistance with the experimental part of the 
work. One of us (K. R. M.) also wishes to ac- 
knowledge the award of a Fellowship by the Royal 
Society of Canada and to thank the Physics 
Department of the Massachusetts Institute of 
Technology and Professors G. R. Harrison and J. 
C. Boyce for the privilege of working in the 
spectroscopy laboratory of the Institute during 
the tenure of the Fellowship. The present in- 
vestigation has been materially aided by grants 
from the Permanent Science Fund of the 
American Academy of Arts and Sciences. 
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Optical Constants of Fluorite in the Extreme Ultraviolet* 
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The reflecting power of a polished fluorite surface has 
been measured at nineteen wave-lengths from 1605A to 
927A for 45°, 60°, 75° and 85° incidence, by means of a 
vacuum spectrograph. The method of photographic pho- 
tometry followed is discussed in detail. The reciprocity law 
was employed and correction made for its failure in ac- 
cordance with the work of Harrison and Leighton on oiled 
photographic films. Correction exposures were made with 
an inverse square law sensitometer. A vacuum chamber 
was arranged for this sensitometer since it was found that 
the reciprocity characteristics of the film were changed 
when it was placed in vacuum. The reflecting power data 


INTRODUCTION 


HE research reported in this paper is con- 

cerned primarily with the measurement of 
the reflecting power of fluorite for a number of 
wave-lengths in the extreme ultraviolet. Since 
these measurements have been made to obtain 
points lying at closer wave-length intervals than 
in the previous investigation by Gleason,' it has 
been possible to show in detail the variation of 
the reflecting power in the neighborhood of the 
absorption band causing fluorite to become 
opaque below A1230A. In addition, several 
angles of incidence have been employed at each 
wave-length in order to permit a calculation of 
the optical constants from the reflecting power 
data. From this calculation curves have been 
obtained for fluorite-showing the variation of the 
index of refraction and extinction coefficient in 
the spectral region near the absorption band. 

It is believed that the results for the reflecting 
power itself are of a higher degree of accuracy 
than those obtained by earlier observers.? As the 
nature of the particular method of photographic 
photometry employed is fundamental to the 
accuracy of the results, the procedure followed 
and the improvements introduced are treated in 
considerable detail. It is largely upon this par- 
ticular method of photometry and the care with 

* Presented at the Washington Meeting of the Am. 
Phys. Soc., May 2, 1936. 

t Now at Tufts College, Medford, Massachusetts. 

1P. R. Gleason, Proc. Am. Acad. Sci. 64, 92 (1930). 

2H. M. O'Bryan, J. O. S. A. 22, 739 (1932); Phys. Rev. 


38, 32 (1931). P. R. Gleason, reference 1. Earlier work is 
cited in Gleason's paper. 


above \1230A shows that the light dispersed by the grating 
was very nearly unpolarized. 

The curves for index of refraction and extinction coeffi- 
cient have been computed from the reflecting power data 
for fluorite. The extinction curve shows an absorption band 
of roughly 100A half-width, with maximum near A1115A. 
The dispersion is anomalous in this region. The absorption 
increases again below \1060A. The condition of the fluorite 
surface is discussed. Evidence is given indicating the pres- 
ence of a surface layer having a higher absorption coefficient 
and reflecting power than fluorite itself. 


which it has been applied that the claims of this 
paper must ultimately rest. 


APPARATUS 


A vacuum spectrograph has been adapted for 
measuring reflecting powers in the extreme ultra- 
violet. The optical system is shown schematically 
in Fig. 1. The light source D is a discharge tube 
of the type used by Powell ; it was supplied with 
tank hydrogen. The current was 0.8 ampere and 
the drop 700 volts. The many-line spectrum of 
hydrogen served as a satisfactory source from 
A1610A to 927A. Its intensity was usually 
constant to 5 percent during an hour. The 
grating (50 cm radius of curvature, 15,000 lines 
per inch, and of speculum), together with slits 
S, and S2 served as a monochromator. The wave- 
length could be changed from outside the spectro- 
graph by rotating the grating. The beam passing 
through S, came to a focus on the mirror surface 
M whose reflecting power was to be measured; 
after reflection it formed a somewhat out of 
focus image on the photographic film F. Movable 
black glass shutters H limited the grating aper- 
ture so that a narrow beam could be obtained. 
The main advantages of this arrangement were 
that one could use a small mirror and still make 
measurements fairly near grazing incidence, and 
that the image on the film was fairly uniform so 
that one could easily measure its opacity accu- 
rately with the densitometer. Slit S; was 1 mm 


high and 0.2 mm wide, and slit S: usually 0.1 mm 


3 W. M. Powell, Phys. Rev. 45, 154 (1934). 
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wide. About 2.5 mm width of grating was 
generally used. Under these conditions a wave- 
length range of 4A or less was admitted and the 
beam was only 0.3° wide in angle. An exposure of 
10 seconds to the direct beam produced a de- 
veloped density of from 0.5 to 2.0 depending on 
the particular wave-length employed. 

In order to set the mirror at various angles to 
the beam it was mounted on the bottom of a 
vertical shaft and was adjusted so that the axis 
of this shaft lay in its surface. Four angles of 
incidence, 45°, 60°, 75° and 85°, were generally 
used and these were set by means of a circle 
carried on the top of this shaft with four notches 
milled in the periphery, 10°, 15° and 15° apart, 
into which a pin fell. A crude control was pro- 
vided to turn the mirror to approximately the 
correct angle from outside the spectrograph. 
The pin then fell into the proper notch and set 
the angle precisely. The mirror and circle as a 
whole were oriented correctly to the direct beam, 
and this adjustment was checked periodically, 
by using the central image from the grating and 
making visual observations through a window. 
In order to obtain reflecting powers, it was 
necessary to make exposures to the direct as well 
as to the reflected beam. To this end, the mirror 
mechanism was mounted on ways so that it 
could be raised as a whole out of the light 
path. 

The photographic film F was bent to a cylinder 
with axis coincident with the axis about which 
the mirror turned. This ensured the same length 
of light path from film to grating for any angle 
at which the mirror was set. The film could be 
moved vertically by means of ways and thus 
room was provided for 36 exposures each 1 mm 
high, at each angle of incidence. An electro- 
magnetic shutter behind S:, together with a 
switch actuated by a telechron motor, allowed 
exposures of 10 seconds to be made to better 
than 1 percent accuracy. 

In order to keep the specimen to be tested as 
clean as possible use was made of a side chamber 
designed for the preparation of mirror surfaces 
by evaporation or sputtering. The entire mirror 
mechanism could be raised into this chamber, 
shut off from the rest of the spectrograph by 
means of a sliding gate and placed on a separate 
pumping system, without altering its adjustment 
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Fic. 1. The optical system. 


or destroying the vacuum. The mirror was kept 
in this chamber until vacuum was 
established in the spectrograph and exposures 
were to be started. This reduced the chance of 


a good 


contamination by condensation of grease vapors, 
a necessary precaution. The position of the mirror 
cm 
the 
on 


in the spectrograph proper was only 4.5 
from the photographic film F, and during 
process of evacuation the thick oil coating 
this film sometimes effervesced a little. 

Scattered light of spurious wave-lengths, 
cept that which arose from the grating surface 
itself, was eliminated by suitable diaphragming. 
The intensity of the remainder was minimized by 
selecting for use the best portion of the grating 
by means of the shutters 7. Tests made by intro- 
ducing in the light path fluorite and other 
substances having definite spectral transmission 
limits showed that the intensity of the scattered 
light was never more than 4 percent of that of 
the useful light. The reflection coefficient data 
should not be in error by more than 1 percent, 
or at most 2 percent on this account, since 
through the visible and ultraviolet fluorite has 
no regions of very great reflecting power. 


ex- 


PHOTOGRAPHIC PHOTOMETRY 


The method of photographic photometry de- 
veloped by Harrison and Leighton‘ for use with 
oil sensitized photographic materials makes 
possible a considerable increase in the accuracy 
of photometric measurements in the extreme 
ultraviolet. The reciprocity law can be used for 
photometry in this region only provided a 
correction for its failure is properly applied. 
Harrison and Leighton showed that this correc- 
tion can be made by virtue of the fact that the 
oil layer on the surface of the film absorbs the 
incident extreme ultraviolet light completely and 
fluoresces in the very near ultraviolet. It is this 
fluorescent radiation which really exposes the 
film, and its intensity is proportional to that of 


"4G. R. Harrison and P. A. Leighton, J. Opt. Soc. Am. 
20, 313 (1930). 
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the incident radiation. Therefore correction ex- 
posures for the reciprocity law failure can be 
made at the wave-length band at which the oil is 
found to fluoresce. This general method has been 
followed with great care in the present work, and 
several important systematic errors involved in 
its application have been encountered and 
eliminated. 

For making the reciprocity failure correction 
exposures, an inverse square law sensitometer of 
the type described by Jones® was used. It was 
necessary to obtain a light source for it whose 
spectrum should be as similar as possible to the 
fluorescence spectrum of the oil used as sensitizer. 
Cenco 11021-C pump oil was chosen to sensitize 
the film; its fluorescence spectrum was photo- 
graphed under irradiation from the Hg A2537A 
line through the kindness of Dr. F. Rieke. 
A 200w tungsten lamp with a pair of filters was 
found to imitate this fluorescence spectrum quite 
well. One filter was of cuprammonium 1 cm thick, 
the other was an equal thickness of iodine dis- 
solved in carbon tetrachloride. These solutions 
were conveniently held in Pyrex culture flasks. 
To keep their temperatures constant a water 
cell and fan were necessary. Finally, two flashed 
opal glasses separated 1 cm served to make a 
diffuse light source with uniform intensity dis- 
tribution over a sufficiently large solid angle. 
The sensitometer lamp, like the discharge tube, 
was run on direct current and so there was no 
possibility of any intermittency error. 

The basic method of making exposures and 
corrections which the author has found most 
suitable for determining the reflecting power is 
best explained by giving an example. The direct 
beam in the spectrograph has intensity J. After 
reflection from the specimen its intensity is JR, 
where R is the reflection coefficient. Let us 
suppose that exposures are made with these two 
beams and it is found that a 10 second exposure 
to the direct beam and a 100 second exposure to 
the reflected beam produce the same density, 
say 1.0. Suppose also that exposures for these 
same times have been made in the sensitometer 
on the same film. From the latter it is found that 
a 10 second exposure to light of intensity J’, and 
a 100 second exposure to light of intensity 


5L. A. Jones, J. Opt. Soc. Am. & Rev. Sci. Inst. 7, 305 
(1923). 
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I'/12, produce this same density, 1.0. Then, 
according to the work of Harrison and Leighton, 
since the times and blackenings were identical 
respectively for spectrograph and sensitometer 
exposures, the intensity ratios must have been 
the same also. Hence we have JR/I=(1'/12)/I', 
whence R=1/12, the reflection coefficient de- 
sired. In actual practice one could almost never 
chance upon times and intensities such that each 
of these four exposures would come out to be of 
precisely the same density. It was always 
necessary to make enough exposures so that the 
desired times and intensities could be found by 
interpolation. It was a convenience to make the 
actual computation in two stages: first, to calcu- 
late the reflecting power from the spectrograph 
exposures using the reciprocity law, obtaining 
1/10 in this instance; second, to correct this 
value for the failure of the law by means of the 
sensitometer exposures. 

This exposure procedure has several advan- 
tages. Firstly, it is as straightforward as possible. 
It makes no assumption concerning the form of 
the blackening vs. exposure relationship. Sec- 
ondly, the correction exposures have the same 
density as the spectrograph exposures. This is 
very necessary because the reciprocity failure 
changes with change in density. Lastly, Webb‘ 
has shown that under exactly the conditions set 
forth in the above example the reciprocity failure 
is independent of wave-length. Therefore if the 
filter combination should not precisely reproduce 
the fluorescence spectrum of the oil, or if the 
latter should depend somewhat on the wave- 
length of the exciting radiation, no error is 
introduced. Of the latter possibility, however, 
Harrison and Leighton write that they have 
found no indication. 

If Harrison and Leighton’s method of photo- 
graphic photometry is to yield results which are 
entirely free from systematic error, it has been 
found essential in the present work that all 
factors which affect the reciprocity character- 
istics of the film be kept the same for the 
sensitometer exposures as for the vacuum spec- 
trograph exposures. Chief among these factors 
are vacuum conditions, temperature at the time 
of exposure, and extent of development. 

It was found that placing the film in vacuum 


~ © J. H. Webb, J. Opt. Soc. Am. 23, 316 (1933). 
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during exposure altered the reciprocity charac- 
teristics considerably. Since the film was exposed 
in vacuum in the spectrograph, it was necessary 
to arrange a vacuum chamber in which to place 
it while making exposures in the sensitometer. 
For Eastman Commercial Safety Film (that 
used throughout this work), the effect of evacua- 
tion was large enough so that a reflecting power 
of 10 percent would have been determined as 9 
percent if the correction exposures had not been 
made in vacuum. However, the size of this 
effect varied considerably between different 
batches of this film. If phosphorous pentoxide 
were placed with the film in the vacuum chamber, 
the change in reciprocity failure upon evacuation 
took place more rapidly. A few minutes exposure 
to wet air or to room conditions caused the 
reciprocity failure to return toward that for 
film which had not been placed in vacuum, while 
dry air or hydrogen, admitted after thorough 
evacuation, produced no further change. It seems 
reasonable, therefore, to ascribe this effect to a 
change in the water content of the photographic 
material. 

The temperature of the film at the time of 
exposure has been shown by Webb’ to affect 
greatly the reciprocity characteristics. For the 
reciprocity correction to apply properly it was 
therefore desirable to keep the spectrograph and 
the sensitometer at the same temperature, and 
this was done to within }°C. 

The extent to which development is carried 
also considerably influences the reciprocity char- 
acteristics as Jones, Hall and Briggs* have shown. 
In order that the vacuum spectrograph and 
sensitometer exposures be processed in precisely 
the same way, reciprocity failure correction 
exposures were made in the sensitometer on each 
film immediately after removal from the vacuum 
spectrograph, utilizing the spaces between the 
spectrograph exposures. 

In measuring the densities of the developed 
images by means of a microphotometer, it was 
necessary to take care that the microphotometer 
slit was small enough so that it covered an area 
of the spot over which the density was approxi- 
mately constant. Otherwise an average density 


7 J. H. Webb, J. Opt. Soc. Am. 25, 4 (1935). 
8 Jones, Hall and Briggs, J. Opt. Soc. Am. 14, 223 
(1927). 
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value would have been obtained for which it 
would have been difficult determine the 
reciprocity failure correction properly. 

Under these conditions, density vs. log time 
curves exposed in the spectrograph were parallel 
to those exposed in the sensitometer, as would be 
expected from Harrison and Leighton’s work, 
provided the intensity was such that approxi- 
mately the same densities were produced for the 
same exposure times. 

Several steps have been taken to minimize the 
erratic errors involved in this method of photo- 
graphic photometry. The film was sensitized by 
dipping into the undiluted oil and draining over- 
night. It was necessary that its position during 
this process and also while in the spectrograph 
was such that the oil would not flow between 
positions on the film corresponding to different 
angles of reflection. A small variation in oil 
thickness did arise, but affected in like fashion 
the sets of exposures to the direct beam and to 
the beam reflected at the several angles, respec- 
tively. The effect of oil flow on each of these 
series could then be detected and corrected for 
by means of the exposures made to the direct 
beam, since the latter were given equal times. 
Drift in the intensity of the light source, occa- 
sionally troublesome, was also corrected for by 
means of this series of “‘direct’”’ exposures. This 
could be done since one ‘‘direct’’ exposure was 
always made following four “reflected” ex- 
posures. 

Considerable effort was made to secure even 
development. The oil coating was washed off the 
film in three successive baths of petroleum ether. 
The film was held uniformly immersed in the 
developer by means of a glass clamp, and the 
brush method was employed during rinsing and 
the first minute of fixing, as well as during 
development. To detect and to make partial 
correction for any remaining unevenness in de- 
velopment and for gradual variation in emulsion 
sensitivity over the film, a number of identical 
“control” exposures covering the parts of the 
film which remained unused were made with the 
sensitometer immediately following the reci- 
procity correction exposures. 

The magnitudes of the erratic errors inherent 
in the photometric method as described have 
been determined. The probable actual error in 
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Fic, 2. Reflection coefficients for fluorite for four angles of incidence plotted on a logarithmic scale. 


the density of an individual exposure in the 
extreme ultraviolet was found to be 0.0076 for 
an average density of 1.3 and contrast of 1.6. 
This figure was obtained by examining all the 
ultraviolet exposures on the runs reported in this 
paper, after correction had been made as de- 
scribed for drift in the intensity of the source 
and for oil flow. By considering all the control 
exposures, a similar figure was obtained for the 
exposures made in the reciprocity sensitometer. 
The probable actual error in mean density for 
these was 0.0044, the average density being 1.0 
and contrast 1.5. The area of film over which 
these exposures were made was 30 cm*. The 
probable error in a single measurement of 
reflection coefficient was less than 2 percent, as 
computed from these two separate errors and 
the number of exposures of each kind made on 
each run. This value includes the effect of all 
errors in the photometric method which were of 
an erratic nature. 


REFLECTING POWER RESULTS FOR FLUORITE 


Fluorite was selected as the first substance to 
measure because of its importance in extreme 
ultraviolet work. Furthermore, it was hoped that 
information concerning the absorption band 
which causes fluorite to become opaque below 
\1230A could be obtained from the optical 


constants as calculated from the reflecting power 
data. Fluorite was well adapted to such a calcula- 
tion because its transparency to wave-lengths 
longer than 1230A enabled the polarizing action 
of the grating to be determined. Moreover, the 
calculation could be checked to some extent 
because the index of refraction was already 
known down to A1311A from transmission 
measurements of Handke.* 

The fluorite specimen used in this work was a 
plate 4.5 cm long, 2.7 cm wide, and 2 mm thick. 
It was obtained from Zell in Baden and was 
polished by Bausch and Lomb. Its surfaces were 
flat to better than a wave-length and contained 
only a few fine scratches. The two surfaces were 
not parallel, however. Therefore it was possible 
to mount it so that the reflection from the rear 
surface, which appeared down to \1230A, was 
well separated from that from the front. The 
reflecting power was found to be quite constant 
over its surface. 

The cleaning procedure which gave the most 
reproducible results and the cleanest surface, was 
to scrub the fluorite lightly with Kleenex 
moistened first in water, then in carbon tetra- 
chloride, then in petroleum ether. After this, 
the specimen was soaked for at least an hour in 
several changes of petroleum ether. Finally, a 





’ Landélt Bornstein Tables, fifth edition, p. 911. 
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fine stream of Merck’s petroleum ether con- 
taining only 0.0002 percent nonvolatile matter 
was run over the surface for five minutes. This 
procedure was carried through before each run. 

The results here presented are from fourteen 
runs on this single fluorite specimen, each made 
under as nearly as possible the same conditions. 
During each run, measurements were made at 
four different wave-lengths, one-quarter of the 
available exposures being allotted to each. In 
order to check results from different runs against 
each other, one particular wave-length was re- 
peated on each run. A1433A was selected for 
these control exposures, except when the shortest 
wave-lengths were desired. Then \1047A was 
used, since the intensity of the hydrogen spec- 
trum at \1433A was very great compared to 
that below \1020A. 

The reflecting power data obtained for four 
angles of incidence are shown in Fig. 2. The 
reflection coefficient R, has been plotted on a 
logarithmic scale against wave-length so that 
equal increments vertically represent equal frac- 
tional errors or differences in R. Each point is 
the result of a single run, except that at \1433A, 
where the points were too numerous, their range 
is shown. 

The best smooth curves were drawn after first 
correcting these points by means of the \1433A 
control exposures. This correction was possible 
since it was found that if the reflecting power 
results at A1433A for a particular run were 


TABLE I. Reflection coefficients of fluorite. 


(A) 45° 60° rhs 85° 
1605 0.0636 0.1014 0.265 0.604 
1433 .0788 .1205 .278 .612 
1333 .0948 1371 296 .622 
1276 1019 .1442 298 .624 
1254 .1062 .1486 300 .624 
1190 .1276 .1694 312 .622 
1175 .1368 1778 319 .622 
1162 .1483 .1888 328 .624 
1146 .1596 .2014 .339 .631 
1116 .1671 .2133 .362 .652 
1100 .1459 .1995 365 .668 
1090 .1390 .1629 .336 .646 
1067 .0840 .1294 296 .625 
1047 .1021 .1476 308 625 
1035 .1114 .1585 317 .631 
1026 .1178 .1648 323 .637 
1015 .1244 .1702 327 .640 
978 .1403 .1845 .342 .653 
927 .1462 .1981 .357 .671 
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lower than the average, the results for the three 
other wave-lengths used during that run were 
almost always also low, and to about the same 
extent. This indicated that a change had occurred 
in some factor not under perfect control, but 
which affected the results at each wave-length 
by roughly the same amount for each angle, 
respectively. To make at least partial correction 
for such a change, the results for the other three 
wave-lengths for that run were brought up by 
the same amount that the A1433A reflecting 
powers were below the average. The two runs 
having \1047A as control were first corrected 
relative to each other, and then to \1433A by 
using a run containing both \1047A and \1433A. 
for the shortest 


wave-lengths is in some doubt because it was 


The value of this correction 


somewhat roundabout. 

It is hoped that the smooth curves drawn 
through the points after they were corrected in 
this way are nearly those which would have been 
obtained had it been possible to make measure- 
ments at all wave-lengths during a single run, 
though it is difficult to estimate how nearly this 
is the case. The values for reflection coefficient 
taken from these curves are given in Table I. 

The reproducibility of the reflecting power 
measurements can be illustrated by an 
analysis of the separate results at \1433A. This 
appears in Table II. The reflecting power at 45° 
was most subject to variation. During these 


best 


twelve runs the greatest departure from the mean 
for this angle was +5 percent; the average 
departure was +2.5 percent. The scattering of 
the points in Fig. 2 about the smooth curves 
drawn as just described is of this same magnitude. 
Thus under the best of conditions, variations in 
reflection coefficient occasionally up to about 10 
percent have been found to occur at 45° with the 
present apparatus and technique, using polished 
fluorite as the test substance. Such variations are 
roughly three times larger than those expected 
from purely photographic causes and it is thought 


TABLE II. Reproducibility of results for \1433A. 


Angle of incidence ; 45 60 75 85 
Refi. coef., mean from 12 runs 0.0788 | 0.1205 | 0.278 | 0.612 
Greatest departure from mean (°7) 5.1 3.5 2.5 3.5 
Average departure from mean (‘% 2.5 1.8 1.4 1.4 
Probable error in mean (%) 0.7 0.5 0.5 0.5 
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that they are attributable to changes in the 
surface condition of the fluorite. Arguments 
substantiating this explanation will appear in a 
later paragraph. 

The reflecting power results for 85° are less 
reliable than the others since an error in setting 
the angle has more effect the nearer the beam is 
to grazing incidence. The positions of the mirror 
could be set relative to one another very exactly, 
but it was difficult to make the adjustment 
relative to the beam to better than 0.1° or 0.2°. 


STATE OF POLARIZATION OF THE 
INCIDENT .LIGHT 


The state of polarization of the light incident 
on the specimen, as well as the index of refraction, 
can be calculated from the reflecting power data 
for wave-lengths at which fluorite is transparent. 
This procedure is important since a knowledge 
of the polarization greatly simplifies a determi- 
nation of the index and extinction coefficient 
from the measured reflecting powers in the region 
of the spectrum where fluorite is opaque. From 
\1230A to longer wave-lengths fluorite is fairly 
transparent and so Fresnel’s reflection equations 
should apply. These equations give the reflecting 
power for any angle of incidence for any values 
of N, the index, and P, the fraction of the total 
incident intensity polarized with the electric 
vector perpendicular to the plane of incidence. 
In order to obtain N and P for a particular wave- 
length, the reflecting powers measured at 45°, 
60°, 75° and 85° were compared with the corre- 
sponding reflecting powers calculated from the 
equations, taking a series of arbitrary values for 
N and P. Those values of N and P were taken as 
the correct ones for which the computed and 


TABLE III. Comparison of experimental and computed 
reflection coefficients, \1433A. 


Polar- 


Index iention 100% X Reomp —Rexp.) R 
N P 45° 60 75° &5° av 

1.749 | 0.460 | +0.025 | —0.028 | —0.023 | +0.005 | 0.021 
1.736 | 0.470; +.018| —.021 —.012| +.009/ .016 
1.724| 0.480} +.014 —.014 —.002; +.014; .O11 
1.711} 0.490; +.007| —.007| +.007|) +.018| .009 
1.699 | 0.500 .000 .000 | +.016) +.023); .009 
1.694} 0.505! —.002 + .002 +.021 +.025 O11 
1.688 | 0.510; —.005| +.005; +.025/| +.028! .016 
1 


672} 0.520; +.021| +.002| +.030|; +.030/ .021 


experimental reflecting powers agreed most 
closely. This process was carried out by means of 
curves which are to be described in a separate 
paper. 

Table III shows the results of this computation 
for \1433A where the most accurate reflecting 
power data was obtained. The percentage differ- 
ences between the computed and experimental 
reflection coefficients are given for several values 
of P, N being adjusted in each case to make these 
differences as small as possible. A perfect agree- 
ment at all four angles simultaneously within the 
probable experimental error in the mean re- 
flecting power data was not possible. The most 
probable values of N and P were taken as those 
which yielded equal percentage differences in R 
for 45°, 60° and 75°. R for 85° was disregarded 
because it was the least accurate and also gave 
less information concerning P and the optical 
constants. For \1433A the value obtained was 
P=0.49. However, P could be varied between 
0.48 and 0.505 before much increase appeared in 
the average difference between the computed and 
experimental reflection coefficients for the four 
angles. Hence all values of P in this range are 
almost equally likely. The similar results for 
other wave-lengths from 1605A to 1254A, as 
given in the first part of Table IV, show values 
of P also lying in this range. The data, therefore, 
give no indication that the light in this wave- 
length range dispersed by the grating was other 
than unpolarized. 


OpTicAL CONSTANTS OF FLUORITE 


The index of refraction, N, and the coefficient 
Ky describing the absorption,” can be deter- 
mined from the reflecting power data for wave- 
lengths below the transmission limit of fluorite. 
The process is somewhat similar to that just 
described for obtaining N and P at longer 
wave-lengths. Below \1230A the reflection from 
fluorite becomes metallic in character and gen- 
eralized reflection equations apply.” These equa- 
tions can be written in the form R=f(/, N, Ko, P), 
where I is the angle of incidence and P describes 
the polarization of the incident light as before. 
The problem was first considerably simplified 


10 W. Konig, Handbuch der Physik, Vol. XX, p. 242. 
N and Ko, as used in the present paper, are the same as 
Kénig’s mp and moxXo, respectively. 
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by assuming that the incident light was un- 
polarized. This has just been shown to be true, 
within experimental from A1254A_ to 
\1605A and there is no reason to suspect that 
it was not so to shorter wave-lengths as well. 
N and Kp» were then determined for each wave- 
length by comparing the experimental reflecting 
powers at 45°, 60°, 75° and 85° with the corre- 


error, 


sponding quantities computed from the general 
equations, selecting a series of arbitrary values 
of N and Ko. Those values of N and Ky were 
then taken as the correct ones for which the 
experimental and computed reflecting powers 
agreed most closely. This computation was 
actually carried through by means of curves 
to be described in a separate paper." 

Table IV shows the results of this calculation. 
The percentage differences between the experi- 
mental reflection coefficients, as given in Table I, 
and the computed quantities are shown for the 
most probable values of N and Ky. As was the 
case to longer wave-lengths, a perfect agreement 
at all four angles simultaneously could not be 
obtained. Just as in determining N and P, the 
most probable values of V and Ky were always 
taken as those which yielded equal percentage 
differences between the experimental and com- 
puted reflection coefficients for 45°, 60° and 75°. 
N and Ky could be varied through a considerable 
range, however, before an appreciable increase 
appeared in the average difference for the four 
angles. These ranges for N and Ky have been 
determined and are shown plotted against wave- 
length by the broken curves in Fig. 3. They give 
some idea of the accuracy of this determination 
of the optical constants. The ranges set by the 
experimental errors in reflecting lay 
within these limits. The correct curves, then, may 
with almost equal probability lie anywhere be- 
tween the broken curves. However, it is thought 
that they should not differ greatly in shape from 
the heavy curves, which show the most probable 
values, since the latter were determined in a 
consistent fashion for each wave-length. 

The curves of Fig. 3 give more precise informa- 
tion than has hitherto been available concerning 
the absorption band which causes fluorite to 
become opaque below \1230A. It appears that a 


powers 


1934. 


1! Presented at the New York meeting, Feb. 24, 
Phys. Rev. 45, 562, A25 (1934). 
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narrow absorption band exists just below the 
transmission limit. From the Ko curve it can be 
seen that the center of this band is near \1115A 
and that the half-width is roughly 100A. There 
is further absorption of a more diffuse character 
to shorter wave-lengths which causes Ko to rise 
again below about A1060A. The shape of the 
dispersion curve is in good agreement with that 
of the absorption curve. The dispersion is anoma- 
lous from somewhere between A1130A and 
\1200A to about A1090A, as would be expected 


TABLE IV. The optical constants of fluorite and the percentage 
differences between computed and experimental 
reflection coefficients. 


Wave- Optical Polar- 


length Constants ization 100% x Reomp —Rexp R 

A(A) N K Pp 45 60 75 &5 av 
1605 | 1.607 | 0 0.479 —0.5 |+0.5 |—0.5 |+1.8 | 0.8 
1433 | 1.711) 0 .490 |+0.8 |—0.8 |+0.7 |+1.8 | 1.0 
1333 | 1.803) 0 506; 0.0) 0.0) 0.0'+1.4! 0.3 
1276 | 1.855 | 0 .505 |+0.4 | —0.4 |+0.5 |+1.2 | 0.6 
1254 | 1.888) 0 .503 |+0.7 | —0.6 |+0.6 |+1.4 | 0.8 
1190 | 1.983 | 0.290 | 0.500 |+1.2 |—1.2 |+0.9 |+2.1 | 1.3 
1175 | 1.996/ 0.390! .500|+1.0 |—0.9 |}+1.0 |4+2.3 | 1.3 
1162 | 2.027 | 0.490; .500|+0.7 |—0.8 |+0.7 |+2.8 | 1.2 
1146 | 2.000 | 0.631} .500|+0.7 |—0.8 |+0.8 |+2.8 | 1.3 
1116 | 1.775 | 0.830; .500!+0.7 |—0.7 |+0.7 |+3.0! 1.3 
1100 | 1.570 | 0.785; .500|}+0.9 |—0.9 |+-1.0 |+2.3 | 1.3 
1090 | 1.533 | 0.600} .500|+0.6 |—0.6 |+0.6 |+3.5 | 1.3 
1067 | 1.615 | 0.344! .500/+0.3 |—0.3 |+0.3 |+2.5 | 0.9 
1047 | 1.725| 0.395! .500/}+0.6 |—0.5 |+0.6 |+2.8 | 1.2 
1035 | 1.732 | 0.473} .500|+0.8 |—0.9 |+0.9 |4+2.8 | 1.4 
1026 | 1.742) 0.517; .500|+0.9 |—0.8 |+0.9 |+2.3 | 1.2 
1015 | 1.775 | 0.540! .500/+0.5 |—0.5 |+0.5 |+1.8 | 1.1 
978 | 1.780| 0.650} .500;} 0.0|}—0.1 0.0 |+0.9 | 0.2 
927 | 1.640| 0.768) .500/}+0.9 |—0.9 |+0.9 |+0.9 | 0.9 
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when crossing the center of the absorption band. 
It then is normal to shorter wave-lengths but 
appears to become anomalous again near \1000A 
as the center of the next absorption band is 
approached. It will be of interest to follow these 
curves to shorter wave-lengths and to verify the 
trends below A1000A, since the reflecting power 
data here reported is least accurate in this range. 


SURFACE CONDITION 


It has been seen that a perfect agreement 
between the experimental and computed re- 
flecting powers could never be obtained for all 
four angles simultaneously. Although the remain- 
ing discrepencies were small they were of the 
same magnitude and sign for each angle re- 
spectively for all the wave-lengths employed. 
These facts appear to indicate the presence of 
some small systematic error in the reflecting 
power data. Such a systematic error has been 
searched for in all steps of the experimental work, 
but none has been found of sufficient size to 
account for these facts. A much more probable 
explanation, and one that is supported by con- 
siderable other evidence, is that a surface layer 
was present on the fluorite, a condition very often 
encountered through katoptric measurements, 
and that this layer caused the surface to depart 
from the ideal condition to which the theoretical 
reflection equations apply. 

Furthermore, a surface layer seems required to 
explain the fact that the indices of refraction 
obtained katoptrically in the present work, are 
greater than those which Handke’® has determined 
down to A1311A using a dioptric method. Both 
dispersion curves are shown in Fig. 3 and it can 
be seen that the discrepancy is well outside the 
range of experimental error. This means that the 
fluorite actually reflects more light than it should 
according to Handke’s indices and Fresnel’s 
reflection equations ; a reflecting power as low as 
the computed value was never observed. 

A deeper insight into the character of the 
surface layer can be obtained from a comparison 
with the work of Powell.’ From measurements of 
the transmission of fluorite sections of different 
thicknesses made in the Schumann region, Powell 
derived values for the loss of light on entering a 
single fluorite surface at normal incidence. These 
values included the effects of reflection, scatter- 


ing, and of absorption in passing through any 
surface layer present. Without reflection meas- 
urements it was not possible to determine the 
effect of each factor separately. The percentage 
losses so obtained were much greater than the 
reflecting powers for normal incidence as calcu- 
lated from either Handke’s indices or the indices 
obtained in the present work, e.g., 14 percent, 
5.5 percent and 6.9 percent for the three, 
respectively, at 41433A. Both Powell's and my 
surfaces were well polished and treated in about 
the same way; hence a comparison of the 
respective results should be possible. Scattering 
can be ruled out, then, as the important factor in 
causing Powell's surface loss, since had it been 
present my reflecting powers would be lower, 
not higher, than those calculated from Handke’s 
indices. Furthermore, the reflecting powers com- 
puted from my indices were much too small to 
account for Powell’s surface losses by them- 
selves. A layer having both a higher absorption 
coefficient and greater reflecting power than 
fluorite itself seems required by this behavior. 
The same conclusion was reached from simul- 
taneous measurements of reflecting power and 
transmission at 45° and \1433A made by the 
author, taking Powell's values of the absorption 
coefficients for fluorite. 

That this layer consisted of some foreign 
substance, perhaps grease or adsorbed water 
vapor, which was not entirely removed by the 
cleaning procedure, or was picked up in the 
spectrograph, is suggested by the fact, mentioned 
previously, that on different runs results could 
not be repeated with as much accuracy as the 
photometric method allowed. Furthermore, a 
thin layer of oil, (Cenco 11021-C) deliberately 
placed on the surface was found to increase the 
reflecting power; a higher reflecting power was 
also observed when a cleaning procedure was 
employed which left the surface with a visible 
contamination. 

Further evidence pointing to the presence of a 
layer of some foreign substance is furnished by 
measurements on lithium fluoride in the extreme 
ultraviolet. Schneider” found a high surface loss 
for lithium fluoride similar to that observed for 
fluorite by Powell; its magnitude depended on 
the cleaning procedure and could be reduced by 








2 E. G. Schneider, Phys. Rev. 49, 341 (1936). 
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heating to dull red in air. He therefore ascribed 
this surface loss, in part at least, to a layer of 
some easily volatilized substance left by the 
cleaning agent. In order to see whether a similar 
effect existed for reflection, measurements of the 
reflecting power of lithium fluoride at 45° and 
\1433A of a preliminary nature have been made 
by the author using a crystal obtained from Dr. 
Schneider and polished by Mr. David Mann. 
The specimen was arranged so that it could be 
heated to dull red between reflecting power 
measurements, in vacuum all the while. Before 
heating it was found that the reflection coefficient 
was about 15 percent greater than the value 
computed from the index of refraction as meas- 
ured dioptrically by Schneider, a discrepancy 
nearly the same as was observed for fluorite. 
After heating, however, the reflection coefficient 
decreased to the computed value to within 
experimental error. It seems probable, then, on 
account of this similarity between surface losses 
and reflecting powers, respectively, that the 
surface layers on fluorite and lithium fluoride 
were of a similar character. It is thought, there- 
fore, that had it been possible to heat fluorite 
without shattering it, indices of refraction in 
much closer agreement with those of Handke 
would have been obtained. 
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It is possible, however, that the surface layer 
was not entirely one of a foreign substance, and 
that it included a region of fluorite in which 
polishing had disturbed the crystal structure 
and so altered the optical constants. No direct 
evidence bearing on an effect of this kind has been 
obtained in the present work. However, the 
work of Margenau™ in the ultraviolet and of 
Hilsch and Pohl" down through \1600A lends 
some support to this point of view. They have 
shown that the condition of the surface can 
cause a shift in the center of an absorption band 
amounting to as much as 44A. However, in the 
case of fluorite a shift of 125A, which is greater 
than they have reported, would be required to 
account for the whole discrepancy between the 
dispersion curves. 

The author takes great pleasure in thanking 
Professor Lyman for constant encouragement 
and valuable advice given during the entire 
course of this research. He wishes also to express 
his appreciation of Mr. David Mann, instrument 
maker of the Harvard Physics Laboratories, 
whose skill and ingenuity helped make this work 


possible. 


13 Margenau, Phys. Rev. 33, 1035 (1929). 
14 Hilsch and Pohl, Zeits. f. Physik 59, 812 (1930). 
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A Very Accurate Test of Coulomb’s Law of Force Between Charges 


S. J. PLimpton ano W. E. Lawton, Worcester Polytechnic Institute, Worcester, Massachusetts 


(Received September 30, 1936) 


The exponent 2 in Coulomb's inverse square law of force 
between charges in empty space has been found experi- 
mentally to be correct to within 1 part in 10°. The well- 
known electrostatic experiment of Cavendish and Max- 
well with concentric metal globes was replaced by a quasi- 
static method in which the difficulties due to spontaneous 
ionization and contact potentials were avoided. A ‘‘reso- 
nance electrometer” (undamped galvanometer with ampli- 
fier) was placed within the globes, the input resistor of the 
amplifier forming a permanent link connecting them, so 
as to measure any variable potential difference between 
them. It was shown theoretically that the presence of the 
resonance electrometer would have no effect on the result 
and that it could replace electrically a part of the inner 


globe. The galvanometer was observed through a “‘con- 





ducting window” at the top, made so by covering it with 
salt water. No effect was observed when a harmonically 
alternating high potential V (>3000 volts), from a spe- 
cially designed ‘“‘condenser generator’ operating at the 
low resonance frequency of the galvanometer, was applied 
to the outer globe. The sensitivity was such that a voltage 
v=10-* volt was easily observable above the small fluc 
tuations due to Brownian motion. 

If the exponent in the law of force were not exactly 2 
but rather 2+g then g<v/V F(a, b) where F(a, b) =0.169, 
a and b being the radii of the globes. This gives g<2X 10 
in space remote from matter. The formula for F(a, 6) was 
derived by Maxwell's theory in which the effect of gravity 
is assumed negligible. Reasons are given for believing that 
this assumption does not invalidate the result. 
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TEST OF COU 


INTRODUCTION 


HE inverse square law of force between 

electric charges was tested by Coulomb 
with his torsion balance and more precisely by 
Maxwell using a modification of a method in- 
vented by Cavendish. Maxwell used a spherical 
air condenser consisting of two insulated spheri- 
cal shells (“‘globes’’), the outer having a small 
hole in it so that the inner could be tested for 
charge by inserting an electrode from a Thomson 
electrometer. This hole was closed by a small lid 
carrying an inward projection which simultane- 
ously connected the two shells together. The 
outer shell was then charged to a high potential 
V, the lid and connector removed by a silk 
thread, and the outer shell earthed. Maxwell 
showed! that if the exponent in Coulomb's law 
is not 2 but 2+g the magnitude of the potential 
of the inner shell (neglecting higher orders of q) 
would then be VgF(a,b), where F(a,6) is a 
known function of the ratio of the radii a and } 
of the outer and inner spheres, namely: 


n n+1 4n? a 
F(a, b) =— log —} log — », nr=-. 
2 n—1 n?—1 b 


Since the potential remaining on the inner shell 
was found by the experiment to be less in mag- 
nitude than a small detectable potential v, then 
q<v/VF(a, b). In this way Maxwell obtained 
the result still generally quoted in text-books, 
q<1/21,600. 

Professor A. Wilmer Duff directed the atten- 
tion of the writers to the problem of improving 
the accuracy of this test, i.e., of reducing this 
upper limit for the value of g, with the aid of 
the more sensitive electrometers now available. 


PRELIMINARY INVESTIGATIONS 


In the derivation of the expression Vq F(a, b) 
it is assumed that the globes are exact spheres 
and that the charges are distributed uniformly 
over them. These assumptions are made merely 
to facilitate the computation, and the order of 
magnitude of the result is unaffected if the globes 
are only approximately spherical and the dis- 
tribution only approximately uniform. The small- 
ness of the result for the upper limit for g depends 


1 Maxwell, Electricity and Magnetism, I, p. 83. 
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not upon a close approach to sphericity, but 
rather upon the great difference in the magni- 
tudes of the applied voltage V and the smallest 
detectable voltage vz. 

At first sight one would suppose that an enor- 
mous improvement in the accuracy of the test 
by Maxwell's method would be possible, due to 
recent advances in the production of high volt- 
ages and in the detection of extremely small 
voltages. Curiously enough, however, Maxwell 
apparently reached about the limit attainable by 
his method even with modern equipment. In the 
first place with what is now known about the 
disturbing effect of unavoidable spontaneous ioni- 
zation’ it is a question how long a charge on the 
inner globe, even as small as that involved in 
Maxwell's experiment, would remain unaffected. 
The most serious difficulty in voing to great 
sensitivities in this method is due, however, to 
contact potentials. It is the experience of the 
writers that in the measurement of an isolated 
charge 0.001 volt is about the practical limit. This 
is entirely different from the use of contacts in 
the measurement of potentials associated with 
small currents, as in ionization measurements, 
where the energies involved are greater and 
initial effects become smoothed over with time. 
The following statement of Hoffman* in reference 
to his electrometer is interesting in this connec- 
tion: ““The contact potential difference of the 
duants (entirely platinized) with respect to each 
other proved to be of the order of magnitude of 
a thousandth of a volt; the drop to the needle 
is greater.” 

The possibility of applying the Maxwell 
method with a vacuum between the globes and 
no contacts was studied, the potential of the 
inner globe being measured by its effect on a 
small inductor which was connected to an ampli- 
fier and moved in the vicinity of the charge. 
Even here there seemed to exist somewhat vari- 
able space gradients of potential of the order of 
0.0001 volt. 


DETECTOR INSIDE GLOBE 


In the method finally adopted the effects of 
contacts were entirely eliminated by placing the 
detector inside the inner globe, and connecting it 


2S 2, e.g., J. A. Bearden, Rev. Sci. Inst. 4, 271 (1933). 
3G. Hoffman, Ann. d. Physik 52, 701 (1917). 


1068 a. J. 


permanently so as to indicate any change in the 
potential of the inner globe relative to the outer 
one. This modification of Maxwell’s method, in 
particular the presence of the conducting mass 
of the detector within the inner globe, changes 
somewhat the conditions under which the in- 
equality g<v/V F(a, b) was derived. In order to 
make sure that this formula would still be appli- 
cable we extended the theory as given by Max- 
well to the case of three concentric spherical 
shells of radii a, b, c (where a>b>c), the two 
inner ones being connected together but insu- 
lated from the outer one. It was thus found that 
charging the outer shell to the potential V would 
cause a potential difference between it and 
the inner shells given by the same expression 
VqF(a, 6) if the exponent is 2+g, where F(a, bd) 
is the function already stated. If this potential 
difference is shown experimentally to be less than 


v we have as before 
q<v/ VF(a, d). 


Calculation also showed that the magnitude of 
the charge necessary to neutralize this potential 
difference is found by multiplying it by the 
capacity ab/(a—b), whether or not the innermost 
shell is present. 

Since, then, the presence of a conducting body 
inside the inner globe and connected to it has 
no effect on the results, it was possible to arrange 
dimensions so that the detector, which consisted 
of a tube electrometer and amplifier, together 
with its shield was approximately equivalent to 
the lower half of the inner globe. This lower half 
could then be replaced by the detector. 


CONSTRUCTION OF GLOBES AND DETECTOR 


To serve as the outer globe A (Fig. 1) two 
approximately hemispherical shells, five feet in 
diameter, were constructed of sheet iron gores 
soldered together. One of these was mounted on 
a cylindrical porcelain insulator to form the lower 
half of A. The copper boxes containing the de- 
tector D were properly located in it, supported 
by porcelain insulators on a slat floor. The 
detector D consisted of a five-stage, resistance- 


capacity coupled amplifier designed for a fre- 
quency of about 2 cycles per second so as to 
operate a panel galvanometer G having this fre- 
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quency and low damping. The first tube was an 
FP 54 with an input grid resistor of 10" ohms. 
This was followed by three stages using PJ 11 
tubes, which were enclosed in cast iron boxes 
suspended on rubber to avoid microphonic effects. 
The final stage of the amplifier was of conven- 
tional design. The sensitivity was adjusted so 
that the Johnson effect (Brownian heat motion) 
in the input resistor caused an average motion 
of the galvanometer of about one small division, 
corresponding to about } microvolt. 

The inner hemispherical dome B of four feet 
diameter, constructed of sheet iron gores similar 
to those of A, was mounted on Pyrex glass insu- 
lators and connected to the amplifier. Tests were 
made with the outer shell A connected to the 
grid of the first tube, the amplifier shield being 
connected to the dome B, and also with the grid 
connected to B and the amplifier shield con- 
nected to A. In neither case could any change 
in the potential of B relative to A be detected 
when A was properly charged and discharged. 

The galvanometer G was illuminated by a 
lamp drawing current from the amplifier bat- 
teries, and after the upper half of A was in place 
it could be viewed through holes at the top of 
A and B. It was important that there be no 
break in the conducting surface of the outer globe 
A. The problem of a conducting window was 
solved by using a glass-bottomed vessel threaded 
into the hole in A, which contained a solution of 
ordinary salt in water with its surface flush with 
the outer surface of A. Submerged in the solution 
was a disk of fine wire gauze, covering the glass 
and soldered to the threaded rim of the vessel. 
The presence of the salt solution was essential to 
the success of the experiment. 


QuasI-STATIC METHOD 


When the outer globe was charged and dis- 
charged simply by opening and closing circuits, 
the galvanometer gave deflections which were due 
to electromagnetic effects (Mdi/dt= Md°Q/d? 
where Q is the charge on A and M is the mutual 
conductance between A and B). It was necessary 
to devise a method for changing the charge Q on 
A in such a manner that these electromagnetic 
effects would never be large enough to be de- 
tectable. In other words, di/dt had to be kept 
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Fic. 1. Apparatus for testing the inverse square law of force between charges. 


small. For this purpose the use of a resistor alone 
was not satisfactory, on account of the large 
value of di/dt during a very short time at the 
beginning of the charge or discharge, and it was 
not feasible to construct a sufficiently large choke. 
A quasi-static method was therefore adopted. 

In this method the detector was employed as 
a resonance electrometer. The high voltage was 
applied to the outer globe as a smooth sinusoidal 
wave of very low frequency, so as to build up a 
resonant vibration of the galvanometer. This 
had great advantages apart from that of sensi- 
tivity. The chief advantage may be explained as 
follows. The sensitivity of the amplifier is limited 
by Brownian heat fluctuations. These consist of 
all frequencies with equal energies, according to 
the equipartition law. The galvanometer re- 
sponds in a resonant manner to the components 
among these with frequencies approximately 
equal to its own. The disturbance to be measured 
(signal) is at a relative disadvantage (by a factor 
depending on the damping of the galvanometer) 
as compared with this heat motion unless it too 
has a frequency equal to that of the galvanometer. 

As indicated above, a low frequency was nec- 
essary to reduce electromagnetic eftects. Calcu- 
lation showed that with a frequency of about 2 
cycles per second the inductive effect (Mdi/dt) 
would be entirely submerged in the fluctuations 
(about $ microvolt) due to heat motion in the 
detector. 


CONDENSER GENERATOR 


There appears to be no commercially available 
source of such low frequency high voltage with 
smooth wave form. Transformers and filters are 


not practical at such low frequencies, nor is high 
voltage directly from an ordinary generator. 
What might be called a condenser generator was 
developed for the purpose. It may be described 
as consisting of three large metal combs: two 
stationary (stators) nearly parallel to each other 
with their teeth upward, and the third (the 
inductor) held with teeth downward and swung 
harmonically in and out of mesh with the other 
two alternately. It is shown diagrammatically at 
the right of Fig. 1 and disassembled in Fig. 2. 

The maximum voltage provided by this gen- 
erator is determined by the spark-over potential 
between the inductor I and the stators SS. No 
attempt was made to use extremely high voltages 
because of the disturbing effect of the radiation 
associated with brush discharge. The peculiar 
design of the generator was the result of an 
attempt to realize the two following conditions: 
a smooth sinusoidal wave form and a rapid in- 
crease of the gap between combs as the inductor 
moved away from either stator, so that the rising 
potential difference would not cause spark-over 
at any point. 

The stators SS (Fig. 1) were charged by a 
transformer from the lighting circuit with the 
aid of the kenetrons KK. Their capacity to 
ground, which was increased by adding mica 
condensers CC in parallel, was large compared 
with that of the globe A, so that their potentials 
were not affected appreciably by the variation 
of their inductive relation with A as the inductor 
I swung in and out of mesh. Since these con- 


densers retained their charges for hours, this 
arrangement also made it possible to turn off 
the kenetron che -ging system during the experi- 
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ment, thus avoiding the difficulty of filtering out 
disturbances from this system. 


ARRANGEMENT OF APPARATUS 


From Fig. 1 it will be seen that the generator 
was connected to the globe A through graduated 
chokes as a further protection against high fre- 
quencies. The applied voltage could be read 
directly on the Braun electrometer E for any 
position of the inductor I. For observing the 
wave form a cathode-ray oscilloscope was also 
coupled to the line through a tubular air con- 
denser T. The amplifier shown in front of this 
oscilloscope was required on account of the high 
impedance of the condenser. The oscilloscope was 
provided with a 60-cycle horizontal sweep, which 
became a very slender ellipse owing to pick-up 
from the surroundings. This ellipse moved up 
and down with the applied voltage, retaining its 
smooth shape and thus proving the absence of 
high frequency disturbances. 

If the variation of the voltage applied to the 
globe A produced an appreciable potential differ- 
ence between A and the dome B, it would be 
indicated by resonant motion of the galvanometer 
G in the detector D connected between A and B 
as already described. G was observed through 
the conducting window W by means of a mirror 
and telescope as shown. The observer at the 
telescope could start and stop the motor M which 
drove the generator and, by means of the rheo- 
stat Rh and meters not shown, he could control 
the speed of M and thus keep the frequency of 
the applied voltage at the resonance value (130 
per minute). This frequency adjustment could 
be checked at any time by blowing enough salt 
water out of the window W so that the gal- 
vanometer would respond. 


METHOD OF CALIBRATION 


The connections for the calibration are shown 
in Fig. 3. The outer shell A was grounded, and 
a small known fraction r/(R+r) of the voltage 
from the condenser generator was applied to the 
dome B by means of the high resistance poten- 
tiometer R+r, the frequency being kept at the 
resonance value. The amplitude of the voltage 
from the generator was read directly on the 
oscilloscope O (without sweep) which, being in- 
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dependent of frequency, could be calibrated by 
applying voltages from a battery as indicated. 
In this way a very nearly linear calibration for 
the resonance electrometer D was obtained. 

In determining the smallest voltage v detect- 
able by D it was desirable to keep both the 
relaxation time and the impedance of the input 
of the amplifier as nearly as possible the same 
as under working conditions. The presence of the 
resistance r reduced slightly the fluctuations of 
the galvanometer due to heat motion. These were 
restored when a small air condenser c (with 
shield not shown) was inserted in the lead to the 
dome. By making allowance for the known im- 
pedance of this condenser the calibration was 
found to be as before. The minimum voltage v 
observable above the usual heat fluctuation was 
thus determined with the calibrating device so 
loosely coupled that it had practically no effect 
on the sensitivity of the resonance electrometer. 


RESULT 


With the apparatus operating properly at the 
resonance frequency, many trials with the am- 
plitude of the applied voltage V never less than 
3000 volts and v remaining very consistently 
equal to 1 microvolt convinced various observers 
that no change in the small heat motion of the 
galvanometer could be detected when the gen- 
erator was started and stopped at random. 
For our apparatus a=2.5 ft., b=2.0 ft., and 
F(a, b) =0.169. Substitution in the inequality 
q<v/V F(a, b) then yields g<10~-*/3000 X0.169, 
whence 

q<2X10-°. 


The exponent 2 in the inverse square law of force 





Fic. 2. Condenser generator disassembled. 
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between charges in space remote from matter is 
thus shown to be correct to within one part 
in 10°. 

EFFECT OF GRAVITY 


In view of the accuracy of the test some state- 
ments as to the possible effect of gravity are 
desirable. The expression for F(a, b) was derived 
by means of classical electrodynamics in which 
the effect of gravity is neglected. It was assumed, 
for instance, that the charge density on the sur- 
face of a spherical conductor is the same every- 
where. If electrons (inertial mass m,, charge —e) 
have weight m,g the electron density on the con- 
ductor must be unsymmetrical, being greater 
near the bottom, in such a way that at any point 
of its surface the force of gravity on an electron 
is balanced by the electrical force due to the 
vertical potential gradient dV /dh, that is, edV/dh 
=m,.g. This gives by integration a maximum 
potential difference over globe A of not more 
than 10~-” volt. Since this is far less than the 
minimum detectable voltage v=10~* volt, such 
an effect is too small to cast any doubt on the 


result. Moreover, the force due to gravity may 
be thought of as neutralized by the electrical 
force due to the unsymmetrical electron density 
before any charge is applied to the globe. The 
applied charge would then be distributed sym- 
metrically. Looked at in this way, gravity should 
have no effect on the experiment however accu- 
rately performed. We can then say that what 
we have tested is.the law of force between 
charges in space remote from matter, that is, not 
in a gravitational field. 

An objection to these statements might be 
raised on the ground that it should not be 
assumed that there is no interrelation between 
gravitational and electrical fields, and that it is 
conceivable that the gravitational field might, 
by virtue of this interrelation, affect the elec- 
trical field in just such a way as to give no 
variable potential differences inside the globes 
even if g for empty space were greater than 
2X10-*. The possibility of such a coincidence 
seems remote, to say the least, especially in view 
of the magnitudes involved. However, we have 
considered the shielding action of the globe from 
the point of view of the general theory of rela- 
tivity and have arrived at a conclusion which is 
even more reassuring. The reasoning on which 
this conclusion is based involves considerable 
mathematics and is left to a later paper. 

The authors wish to express their appreciation 
to Professor A. W. Duff at whose suggestion this 
investigation was undertaken, to Professor H. H. 
Newell for his stimulating interest and advice, 
and to Mr. R. F. Field of the General Radio 
Company for helpful discussions regarding the 
action of amplifiers. 
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Note on Fock Equations for Complex Configurations 
GeorGE H. SHort_ey, Mendenhall Laboratory of Physics, Ohio State University, Columbus, Ohio 
Received September 17, 1936) 


Fock's equations for a general atomic state are written in terms of the coefficients of Slater's 
F's and G's in the energy of that state. With the special formulas which are given to take care of 
the closed shells, this enables the Fock equations to be written down immediately for any desired 
state. For a complex configuration, in order to obtain one particular set of radial factors to use as 
a basis for a first-order perturbation calculation, a process is given for obtaining that set of 
radial factors for which the center of gravity of the configuration is a minimum, for any coupling. 
Finally, it is shown how equations may be obtained for finding the best radial factors with 
which to form the eigenfunctions of a given term of a configuration in LS coupling, and suggested 
that this may be made the basis of a perturbation theory in which the different types of terms 


are considered independently. 


OCK! has given equations which determine 

the radial factors of the one-electron func- 
tions (orbitals) which minimize the energy for 
an antisymmetric atomic state characterized by 
a given set of one-electron quantum numbers 
(orbits). These equations give functions which 
are superior to Hartree’s because they take ac- 
count of the exchange terms in the matrix ele- 
ments of the Hamiltonian. Fock and Petraschen* 
have developed a practical, though necessarily 
laborious, method for numerical solution of these 
equations, and have in this way calculated the 
energy levels of the valence electron of Na and 
Li in the field of Na* and Li*, respectively, with 
very good experimental agreement. 

These radial factors minimize the diagonal 
element of the Hamiltonian (with magnetic inter- 
actions neglected) for a given state of the atom 
specified by a given set of electronic orbits. In a 
complex configuration, the actual eigenfunctions 
are not characterized in this way, but are linear 
combinations of such states characterized by 
values of resultant angular momenta. The equa- 
tions as given by Fock may be used for con- 
figurations with only closed shells, with just one 
electron outside of closed shells, or with just one 
electron missing from closed shells ;? but require 
modification for configurations giving rise to 
more than one term in LS coupling. 

We shall here discuss the question of the equa- 

1 Fock, Zeits. f. Physik 61, 126; 62, 795 (1930); 81, 195 
(1933). 

2 Fock and Petraschen, Phys. Zeits. Sowjetunion 6, 368 
(1934); 8, 547 (1935). 

3 Equations for fluorine 1s?2s?2p* are given by Brown, 


Phys. Rev. 44, 214 (1933). Our mode of approach to the 
Fock equations resembles that used by Brown. 


tions to be solved in the case of atoms with any 
number of valence electrons, using 1s°2s?2p* as 
illustration. 

We first sketch a simple general derivation of 
Fock’s equations, obtaining them in a form which 
is particularly convenient to specialize to any 
particular case.‘ 

Consider a particular state of an N electron 
atom, formed by taking an antisymmetric linear 
combination of orbitals of the type r-'R(n'‘l') 
© (l'm,*)&(m,')5(c, m,*) with definite assigned 
quantum numbers n'‘lim,'m,;' (t=1, 2, --+, N). 
Let the state in question belong to a configura- 
tion in which P different shells I, II, ---, P 
occur, with shell I containing 7! electrons, shell 
II, »! electrons, etc. Then the state is com- 
pletely determined except for the P radial factors 
R(I), RIL), ---, RCP), for which only the num- 
bers of nodes [m* —/K—1 in R(K) ] are specified. 
The diagonal element of the Hamiltonian for this 
state is easily obtained by Slater’s method in the 
form 

P we 


~ nF} R(K)OKR(K) 
K=I 


r=0 


P 
+ > DLAWK) FJ, K) +B J K)G(J, K)], ' 
jJ>K-=lI (1) 


a 
where OF is the operator 


h? d?  I8(IK+41)h? 
OK = —— —4+—__— 


2u dr? 2ur? r 


4 The theory prerequisite to these considerations will be 
found in detail in Chapters V, VI, VII of Condon and 
Shortley, Theory of Atomic Spectra (Cambridge, 1935). We 
follow the notation of this book. 
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A*(JK) and B*(JK) are numerical coefficients 
(symmetrical in J and K), and F* and G* are 
certain radial integrals: 


F*(J, K)=e| R,°(J)Ro2(K)re*/ry**! 


G(J, K) =e | R,(J)Ri(K) Ro(J) Ro(K) rct/rs**} 


where rz is the lesser, rs the greater, of 7; and /o. 
Expression (1) is correct only if all radial factors 
are normal and those of the same / value are 
orthogonal. In order to permit satisfaction of 
these requirements, we minimize 


P . 


(j- > a(8, IS)AIK | 


— 


R(J) RCs), (2) 


» K=!I 7 r=0 


where the \’s are Lagrange multipliers (AJ* = \*"). 
Equating to zero the coefficient of 246R(M) in the 
variation of this expression, which is very easy 
to calculate, we obtain 


5 
™O™R(M)+ ¥ (1+6*")S[4*(Mk) 


K=I K 


Xx 7*(KIK)R(M) + B*(MK)7T*(MK) R(K) | 


. 
= + 4(/K, )\"KR(K), (3) 
K=I 


where 7*(MK) is the following function of the 
radius r: 


T.(MK) =e? | R,(M)Re(K)ret/rs*!, (4) 


UY r'=0 


When (3) is written successively for M =I, 

-, P, it gives the system of P simultaneous 
integro-differential equations (Fock equations) to 
be solved for the P radial factors. On multiplying 
(3) by R(M), integrating over r and summing 
over M, we find that the diagonal matrix com- 
ponent (1) is given by 


+ | a + ™ | ROM)O*R(M) | (5) 
M 7 


5 This function Fock calls (2x+1)F,.@™. We use T to 
avoid confusion with Slater’s F, G, H, I, J, K—all of 
frequent occurrence in central-field theory. 


General formulas may be obtained for the 
coefficients A*, B* of (1) which involve a closed 
shell (§ 9, Chapter VI, of Condon and Shortley*) 
so that (3) may be immediately reduced to a 
form involving only A’s and B's referring to 
pairs of incomplete shells. Let the configuration 
contain P—Q complete shells and Q incomplete 
shells. If the shell M is complete [m™ =2(2/M+1 


(3) becomes 


7 
n™] OM4 ¥ nKTW(K K) [Ra 


K=I 
P 
~39" ¥ n®DC(I, IK, «)T*(MK)R(K) 
K=I k 
P 
= > 4(/5, M)AKMR(K). (6)° 
K=I 


We see from this equation that we may set the 
AKM connecting any two different closed shells 
equal to zero, since the radial factors of two 
closed shells of the same / value are eigenfunc- 
tions of the same Hermitian operator, that on 
the left side of (6), and are therefore automat- 
ically orthogonal. This has been noted by Fock.' 

If the shell M is one of the Q incomplete shells, 
(3) becomes 


r P—-Q 
fon + >) n&7T°(KK) |R(M) 


K=I 
P-Q 

—1y™ F 7K C(I, 1K, «) T*(MK)R(K) 
K=I « 


+ ¥ (14+865") SS 4(MK)T“(KK)R(M) 
KCQ . 


+ B*(MK)7*(MK)R(K) | 


p 
> (78, M)AEMR(K). (7) 
K=1 


Here K cQ indicates that K runs over the Q 
incomplete shells P—Q+I, P—Q+Il, ---, P, 


® C(u, v, w) or Cyow is the integral of the product of the 
three Legendre polynomials P,, P,, Pw. This vanishes 
unless u, v, w form a triangle of even perimeter. The 
following are all the values needed for s, p, d, and f elec- 


trons: Cooo=2, Con = 26, Co2 = 26, Cos; = 2, Cou =2 2/+1): 
Cuz = 475, Ciss=85, Cisa= 363, 

Ci, t, t41 = (214+-2)/(214+-1)(21+-3); 
Co = 435, Cra=435, Coss=8i05, Coss=2%31, Crsa=447, 
re 6= 79%8 oo3. 
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so that the coefficients in this sum are independ- 
ent of the closed shells which the configuration 
may contain and are those ordinarily calculated 
in getting at the electrostatic energies by Slater’s 
method. 

Now the equations (6), (7) will in general give 
a different set of radial factors for each state of 
a configuration. To solve these separately for 
each state would be not only extremely laborious 
but quite without significance, since in general 
actual atomic states are not even approximately 
represented by single orbital functions of the 
type we have used, but are approximately repre- 
sented by linear combinations of such functions 
belonging to the same configuration. Hence it 


would seem desirable to find one particular set of 


R’s to use as a basis for a first-order perturbation 
calculation of the energies of a given configuration 
by a process such as that applied by Hartree 
and Black’ to the Hartree functions for oxygen. 
The best set to use is probably that giving the 
lowest average value for the energies of the states 
of the configuration.’ This is achieved by aver- 
aging (1) over the allowed states before mini- 
mizing. The only change in the equations is that 
(7) now contains values A,,* and B,,* obtained 
by averaging A* and B*. This averaging is easily 
done from the known formulas for the electro- 
static energies in LS coupling. By the diagonal- 
sum rule and the fact that the trace of the matrix 
of spin-orbit interaction vanishes® for any con- 
figuration, this process gives that set of radial fac- 
tors for which the center of gravity of the configura- 
tion is a minimum for any coupling, just as if the 
spin-orbit interaction had been included in the 
original ITamiltonian. If the R’s are obtained in 
this way, expression (5) is seen to give the center 
of gravity of the configuration. The intervals 


’ Hartree and Black, Proc. Roy. Soc. A139, 311 (1933). 

8’ This averaging over the states of the configuration is 
exactly what Hartree accomplishes when he averages his 
fields over all directions if we consider that in Hartree’s 
case the Pauli principle does not enter to exclude states in 
which two electrons have the same quantum numbers. The 
exclusion principle in the Fock case makes the averaging 
somewhat more complicated in principle. 

Instead of minimizing the average energy of the states 
of the configuration (which amounts to minimizing the 
trace of the energy matrix), one could as easily minimize 
the average energy of the terms occurring, or the average 
energy of the /Jevels occurring, but these averages seem to 
have less real significance and are not independent of 
coupling. 

* See, e.g., Condon and Shortley, reference 4, p. 259. 
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between terms must be obtained by a separate 
calculation of F’s and G’s with these functions. 
As an example, let us consider the configura- 
tion 1s?2s?2p? of C I, N II, or O III. Here, since 
the value /=2 for the incomplete shell occurs 
only once, all off-diagonal \’s may be set equal 
to zero. We shall not write the equations refer- 
ring to the 1s and 2s shells, since they are 
obtained immediately from (6). The dependence 
of the energy on the two electrons of the incom- 
plete p shell is given by the familiar formulas 
1S= F°(np, np)+1%>5F*(np, np) 1), 
ID= F(np, np)+ 145F*(np, np) 5), 8) 
‘P= F*(np, np)— 555 F*(np, np) 9) 


These terms have the degeneracies indicated. 
Averaged over the 15 states, Aay°(mp, mp) =1, 
A,y*(np, np) = —325. Inserting these values in 


(7) we find as the equation referring to the 2p shell 


[20°+4T°%(1s, 1s) +47°%(2s, 2s) |R(2p) 
—2g71(2p, 1s)R(1s) —2471(2p, 2s) R(2s) 
+[2T°(2p, 2p) —435T?(2p, 2p) |JR(2p) 

=\PR(2p). (9) 


This gives a set of equations of precisely the 
form to be solved by the method of Fock and 
Petraschen.? 

We might note here the values of the sum over 
K ¢cQ of (7) obtained in averaging the energies 
of various other configurations :'” 
np® (67°(np, np) —1345T*(np, np) |R(np 
np*: [12T°(np, np) —2435T? (np, np) |R(np 
nd? :[2T°(nd, nd) —4¢37T?(nd, nd) 

—463T*(nd, nd) |R(nd) 
npn’ p (in equation referring to mp shell): 
T°(n'p, n'p)R(np) —\%T°(np, n'p)R(n'p) 

—\5T*(np, n'p)R(n'p) 
p*s (in equation referring to p shell): 

[67°(p, p) —1345T?(p, p) =3T%(s, s) |R(p) 
—4T'(p, s)R(s) 


(in equation referring to s shell): 
3T(p, p)R(s) —4T(s, p)R(p). 


We have not yet a very good approximation 
to the 1s?2s?2p?, 2p, or 2p* configurations of C, 

© The formulas for p*s on p. 199 of Condon and Shortley 
contain an error: The coefficients of G; in *S, 5S should be 
+1, —3; cf. Van Vleck, J. Chem. Phys. 2, 20 (1934). 
Further, to get the whole of the contribution of the p shell, 
the constant term —10F, needs to be added to the energies 
given for p* on this same page. 
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N, or O. These configurations have a spread 
which is not negligible compared to their dis- 
tances from other configurations, and the inter- 
vals between terms do not have the ratios which 
are necessarily given by a first-order theory 
which uses a single set of radial functions. Fur- 
ther, a glance at an energy-level plot such as 
that on p. 218 of Condon and Shortley leads one 
to fear that a direct calculation of configuration 
interaction would be hopelessly slow in converg- 
ing. The question is whether one can find a 
better procedure. 

One thing we are sure of—in all the low lying 
configurations the Landé intervals are relatively 
very small—hence except very near the series 
limits these atoms must be accurately in Russell- 
Saunders coupling and S and L must be accurate 
quantum numbers. This suggests that one seek 
separately for the best set of radial factors for 
each separate term, e.g., for \S of p*. In order 
to keep the equations to the Fock type we re- 
strict ourselves to the configuration 15s°2s*2p 
but now look for the best radial factors with 
which to form the eigenfunctions of a term of 
'S symmetry. These factors are obtained by 
minimizing the energy of this term, taking from 
(8) the coefficients of F’s and G’s referring to 
incomplete shells. The equations for the radial 
factors are obtained by inserting these coefficients 
in the sum over K ¢Q in (7). Thus for 1s?2s?2p? 
the equations referring to the 1s and 2s shells 
are given by (6) and are the same for each term; 
the equations referring to the 2p shell are the 
same as (9) except for the coefficient of T°(2p, 2p) 
R(2p), which is seen from (8) to be 2%%5 for 'S, 
265 for 'D, and —1!%%s5 for ®P. 

This procedure will give a different set of 
radial factors for each term. Using the radial 
factors obtained in consideration of a given term, 
we see that expression (5) gives directly the first- 
order energy of the term without further cal- 
culation. 

In this process the intervals between terms are 
no longer constrained to definite ratios, and it is 
to be expected that if it were carried through it 
would give intervals close to those actually ob- 
served. This process would certainly give better 
functions than those obtained from any equa- 
tions which contemplate using the same radial 
factors for each term. 


This type of calculation could be made the 
basis of a higher order perturbation calculation 
in which functions for a particular type of term, 
say ‘S, were calculated for a number of config- 
urations of an atom, together with first-order 
energies and the nondiagonal matrix components 
connecting the 4S’s of different configurations, 
and these inserted in a secular equation to get 
improved energies. This process would be ex- 
pected to converge much faster than the one 
usually contemplated since all fields have been 
determined to be as good as possible for ‘4S, 
without compromise with terms of other type. 
So long as the magnetic interactions are neg- 
lected, no terms of type other than 'S would 
need to be taken into consideration. 

Note added to proof, Nov. 9, 1936. Professor 
C. W. Ufford has just called to the writer's 
attention, unfortunately after the type for this 
note has been set, a paper by D. R. Hartree and 
W. Hartree" which appeared during the summer. 
The authors of this paper not only recognize the 
possibility of writing Fock equations for indi- 
vidual terms but have calculated the Fock 
functions for Be 1s? 2s 2p, 'P and *P. In this 
case, as expected, the calculated singlet-triplet 
separation is much closer to the observed value 
than is that calculated by evaluating the G 
integral with Hartree functions. The fact that 
the 2s radial function for 'P contains two nodes 
instead of the expected one raises the question 
of the exact meaning which may be assigned to 
the total quantum number when using this 
scheme for excited states, and indicates that its 
direct relation to the number of nodes is not 
possible. 

In a still more recent paper” Hartree and 
Hartree calculate the Fock functions for Cl-. 
In checking the coefficients of F’s and G's for 
complete shells given on page 48 of this paper, 
we have found an error in Table I(b): the value 
of Bz should be 10 in place of 20; in general 
Byo=2(2/+-1). It may be noted that our Eqs. 
(6), (7), above, constitute an extension, to the 
case where incomplete shells are involved, of 
that given by Hartree and Hartree for a con- 
figuration involving purely closed shells. 


1! PD. R. Hartree and_W. Hartree, Proc. Roy. Soc. A154, 
588 (1936). 

2 D. R. Hartree and W. Hartree, Proc. Roy. Soc. A156, 
45 (1936). 
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Determination of Ferromagnetic Anisotropy in Single Crystals 
and in Polycrystalline Sheets 


R. M. Bozortu, Bell Telephone Laboratories, New York City 
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Following the work of Akulov and of Heisenberg on the magnetic anisotropy of cubic 


crystals, it is shown that by taking account of an additional term in the expression for the 


110] direction may under certain conditions be the direction 


energy of magnetization the [ 
for easiest magnetization in a crystal, instead of [100] or [111] as given by previous theory. 
his is in accord with experiment. Magnetization curves for single crystals are calculated using 
the additional term and some peculiarities are recorded. The anisotropy constant appropriate 


for a single crystal (of iron 


has been calculated from measurements on hard-rolled sheet in 


which there is preferred orientation of the crystals. 


INTRODUCTION 
T is now well established that single crystals of 
ferromagnetic materials are magnetically ani- 
sotropic even when the crystals have cubic sym- 
metry. In a cubic crystal the energy of magneti- 
zation per unit volume in a uniform field H, may 
be expressed as a function of the direction cosines 
Si, Se and S; of the magnetization J, referred to 
the crystallographic axes. In ascending powers of 
the direction cosines, the first three terms of the 
expression are: 

E=K)+Ki(S2S2+S2S2+S3S2) 

+ Ko(Si7S27S3). (1) 


When the magnetization is confined to a 
crystallographic plane (hk/), as for example in a 
highly oblate spheroid, the magnetic energy may 
be expressed as a function of the angle a, between 
any reference direction [/okly | lying in the 
plane, and the magnetization. In a uniform mag- 
netic field H, also in the plane (kl), the crystal 
will be subject to a torque per unit volume 


L=—dE/da. (2) 


Since a refers to the direction of magnetization, 
and not the direction of the field, this relation is 
not immediately useful in determining the con- 
stants K, and Ky of Eq. (1). However, as // is 
increased indefinitely, the direction of J ap- 
proaches the direction of ZZ and a is then the 
angle between [/okoly | and H. Thus we have 


L =_— K 1\ d da ){ S80? + So?S3? + S37S;? ) 
= K2(d da )(.S3°.Se?,S37) (3 ) 


1N.S. Akulov, Zeits. f. Physik 67, 794 (1931); R. Gans, 
Physik. Zeits. 33, 924 (1932). 


where a is easily determined by experiment. Ex- 
perimental methods of determining Z and so the 
constant K, (and sometimes also Kz) have been 


9 


given by a number of writers. 

It is the purpose of this paper (1) to show how 
the first anisotropy constant K, may be deter- 
mined from the of hard-rolled 
polycrystalline sheet material; (2) to point out 
that when K;, is small compared with Ke and of 


torque curves 


opposite sign, the direction of easiest magnetiza- 
tion (that for which £ is a minimum) may be 
[110] rather than the usual [100] (as in iron) or 
[111] (as in nickel); and (3) to calculate some 
magnetization curves where the Ke term is im- 
portant and to compare them with experiment. 


TORQUE CURVES FOR SINGLE CRYSTALS 


When a disk or oblate spheroid is cut from a 
single crystal parallel to a crystallographic (hkl) 
plane, the torque in a high magnetic field which 
lies in the plane (/k/) and makes the angle a@ with 
[hokolo | can be calculated in the manner de- 
scribed in the appendix. Expressions for all of the 
simpler orientations are given specifically, and of 
these one may be taken for illustration. When 
(hkl) = (110) and [/okoly |=[001 ], 


L=—K,(2 sin 2a+3 sin 4a) /8 
— K2(sin 2a+4 sin 4a—3 sin 6a)/64. (4) 


When both K, and K¢z are positive, this expres- 
sion is equal to zero for a=0 ([001 } direction) 
and for a=90° ([110] direction), both being 
positions of stable equilibrium, and also for 


2 E.g., seea paper by H. J. Williams recently submitted 
to Review of Scientific Instruments. 


1076 











Ex- 
the 
een 


LOW 
ter- 
lled 
out 
1 of 
iza- 

be 
) or 
yme 
im- 
ant. 


na 
hkl) 
lich 
vith 
de- 
the 
1 of 
hen 


res- 
on) 
ing 

for 


tted 








FERROMAGNETIC ANISOTROPY 1077 














ann 


9 


EGREES 


Fic. 1. L vs. @ for the (110) plane, with (a) K, =4(10), 
K.,=0 (broken line); (b) K,=4(10)5, Ke=2(10)® (solid 
line). 


cos a=1/ 3 ([111] direction), a position of un- 
stable equilibrium. L is plotted for this plane in 
Fig. 1 using K,;=4(10)°, K2=2(10)5, values (in 
erg cm~*) appropriate for iron. Here the dotted 
line is drawn for K,=4(10)5, Ke=0, to show the 
effect of Ke. 

Torque data for single crystals have been re- 
ported repeatedly in the literature. New data for 
a crystal of an iron-silicon alloy, cut parallel to 
(110), are to be reported soon by H. J. Williams.’ 


TORQUE CURVES FOR ROLLED METAL 


In fabricated material, the separate crystals of 
which the material is composed are usually 
oriented in a special way and as a result there is 
magnetic anisotropy which is calculable from the 
constants of the crystal and the distribution of 
the crystals among the various orientations. Fig. 
2 shows the results of torque measurements of an 
iron disk 0.025 cm thick, cold-roiled from 0.63 
cm, taken in a field of 1500 oersteds. The shape of 
this curve indicates that the coefficient of sin 4a 
in the expression for the torque is large compared 
with the coefficient of sin 2a, and comparison 
with Table II in Appendix I shows that the 
crystals are oriented with (100) planes parallel to 
the sheet and either (1) [001 ] directions parallel 
to the direction in which it passed through the 
rolls, or (2) [011 } parallel to the rolling direction. 
Alternative (1) is correct if K, is negative, (2) if 
K, is positive. Since it is well known that K, 
is positive for iron at room temperature, it may 
be concluded that orientation (2) is correct. This 
was confirmed by x-ray examination. 


The results, and not the details, of the x-ray 
examination will be given here. It was found that 
although the mean orientation of all the crystals 
was such that the [100] direction was normal to 
the sheet, there were considerable variations from 
this orientation. The “‘spread”’’ extends to about 
45° rotation of [100] in each sense around the 
rolling direction, and about one-seventh or one- 
eighth of this amount around the cross direction. 
The distribution around the rolling direction is 
given in Fig. 3. 

The effect of this spread in orientation may be 
taken into account, and K, for iron determined 
from the data obtained with the disk of hard- 
rolled material. Let the rolling plane (the plane of 
the disk) be (hk/)=(100) and the direction of 
rolling be [/okolo |= [011 ], for those crystals lying 
in the typical position. For those turned from 
this position by the angle 8 around the rolling 
direction, the torque is given by 


L=—K,[(2—8 cos 28+6 cos 48) sin 2a 
—(7+28 cos 28—3 cos 48) sin 4a |/64. (6) 


When 6=0, this reduces to L= —K;, (sin 4a) /2, 
as given in Table II in Appendix I. Neglecting 
the effect of the relatively small spread due to 
rotations about the cross direction, the average 
value of L for the disk was calculated in terms of 
K, as follows. The coefficient of sin 2a for a given 
value of 8 was multiplied by the fraction of the 
material having this same value of 8, as read from 
Fig. 3. This product for a series of values of 8 was 
plotted against 8, and the average value of the 
product was found between the actual limits 
B=-—45° and 6=45°. A similar average was 
found for the coefficient of sin 4a. The result is: 


cm-24103 


YNE 


L, TORQUE/VOLUME 





Fic. 2. L vs. a for a specimen of hard-rolled polycrystal- 
line iron. The circles are observed points, the curve is 
calculated from the orientation distribution of crystals as 
determined by x-rays, with the one adjustable constant 
K;, put equal to 415,000. 
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Fic. 3. The distribution of crystals about the rolling 
direction in the specimen of hard-rolled iron. 


L=—K,(0.016 sin 2a—0.22 sin 4a). (7) 


The maximum of this curve occurs near a=67°, 
where L=—0.23 K, and, from the measured 
value of L at this a, K, is found to be 4.15(10)* 
ergs cm~*, in good agreement with previous work 
on single crystals. Eq. (7), using this value of K,, 
is represented by the curve in Fig. 2. 

In Fig. 4 the maximum of the LZ curve is 
plotted against the field H/, and is seen to attain a 
limiting value when #7 is about 2500 oersteds 
The field of 1500 oersteds used when taking the 
L, a curve was sufficient to obtain about 95 
percent of the maximum L.? 

Thus the anisotropy constant can readily be 
determined from measurements on polycrystal- 
line material in the highly strained cold-worked 
condition. A similar procedure can be applied to 
annealed material in which fiber structure is 
present, for example in most materials which 
have been hard rolled and then recrystallized. 


Ky ON DIRECTION OF EASY 
MAGNETIZATION 


EFFECT OF 


Using only the K, term of Eq. (1), E is found 
to be a minimum for either [100] or [111], de- 
pending only on whether K, is positive or nega- 
tive. When both the K,; and the Ke terms are 
important, E may also be a minimum for [110]. 
This can be seen from the three following ex- 
pressions derived from Eq. (1). 


E10= Ko, 
FEyy=KotKi 4, (8) 
Ein =Kot+Ki/3+K2/27, 


where the subscripts on the left-hand side refer to 


3 See Appendix IT. 
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Fic. 4. Variation of torque with field strength for poly- 
crystalline iron, showing finite limit. 


the direction of the magnetization. The directions 
of easiest, intermediate and hardest magnetiza- 
tion for all combinations of values of K, and K,» 
are given in Table I. It is apparent that the 
principal directions of easiest, intermediate and 
hardest magnetization may have any permuta- 
tion of the order [100], [110], [111 ]. The order 
of ease of magnetization: [100], [110], [111], 
occurs in iron and the reverse order in nickel. 
The other sequences may be looked for (1) in 
those alloy series for which K, changes sign, near 
the composition for which K,=0, and (2) in iron 
or nickel or an alloy at elevated temperatures 
where K, is known to approach zero.‘ 

In the iron-nickel series of alloys, K; has been 
reported to pass through zero at 66 to 76 percent 
nickel’ and in the iron-cobalt series near 42 per- 
cent cobalt.* In nickel at 100°C, the data’ give 


TABLE I. Directions of easiest, intermediate and hardest 
magnetization. 

Ki + + + sd ss _ 

K> +2 to | —9Ki/4| —9Kito| —® to | 9/ Ki! /4) 9] Ki 
s —9K;/4| to—9Ki —x 9| Ki|/4| 9| Kal to +* 
Easiest [100] | [100] [111] [111] 110} | [110] 
Intermediate | [110] | [111] {100} {110} 111] {100} 
Hardest | {111} | [110} [110] [100] {100} | [111] 


*E.g., in iron at elevated temperatures the differences 
in the integrals {HdI for [110] and [100] seem to 
approach zero at about 500°C, according to the J, H 
curves of K. Honda, H. Masumoto and S. Kaya, Sci. Rep. 
Tohoku Imp. Univ. 17, 111 (1928). A theory of the tem- 
perature dependence of K, has recently been given by 
Akulov, Zeits. f. Physik 100, 202 (1936). 

5F, Lichtenberger, Ann. d. Physik 15, 45 (1932), 71 
percent nickel; W. G. Burgers and J. L. Snoek, Zeits. f. 
Metallkunde 27, 158 (1935), 66 percent; J. D. Kleis, Phys. 
Rev. (to be published), 76 percent. 

6 J. W. Shih, Phys. Rev. 46, 139 (1934). 

7 As calculated from the magnetization curves given by 
K. Honda, H. Masumoto and Y. Shirakawa, Sci. Rep. 
Tohoku Imp. Univ. 24, 391 (1935). 
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Fic. 5. (a) Experimental J, H curves for nickel at 100°C’; 
(b) J, H curves for [100] and [111] using K, = —5000, 
K2=40,000, J>=500 with the Koy term adjusted to the 
data. These show that [110] may be the direction of easy 
magnetization (a) by experiment and (b) according to 
theory. 


some indication not only that K,; is small but that 
it changes sign. In each case the values of K,; and 


K. were obtained by integration of the J, H 
To 


curves; that is Ex.;= HdI, when H and J are 


e/ 
measured in the direction [hk/]. Use is then made 
of Eq. (8) put into the more convenient form: 


Ko = Ew, 
K,=4(Ei19 — Enno), (9) 
2 =27(F411—E wo) — 36( E119 — Eig). 


The magnetization curves for nickel at 100°C are 
reproduced in Fig. 5 (a) to illustrate the sequence 
[110], [111], [100]. Fig. 6 (a) shows the mag- 
netization curves for 50 permalloy, the iron- 
nickel alloy containing 50 percent nickel. These 
figures are to be compared with the theoretical 
magnetization curves discussed in the following 
section. 


CALCULATION OF MAGNETIZATION CURVES 


It has been pointed out® that the magnetiza- 
tion curves of single crystals taken in different 
crystallographic directions may be calculated in 
terms of the anisotropy constant K;. This is done 
by adding to E, which represents the magnetic 
energy of the crystal dependent upon the direc- 
tion of magnetization relative to the crystal axes, 
the term —WHI,cos@, which represents the 
energy it has by virtue of the field, and finding 
the value of 6 for which the sum of these terms is 
a minimum, @ being the angle between the satura- 


§N. S. Akulov, Zeits. f. Physik 67, 794 (1931); W. 
Heisenberg, Zeits. f. Physik 69, 287 (1931). 


Fic. 6. (a) Experimental J, H curves for 50 permalloy, 
according to J. D. Kleis; (b) Calculated J, H curves for 
K,=33,000, Ke=—180,000, J>=1210, the constants de- 
rived from /HdI for 50 permalloy. 


tion (spontaneous) magnetization Jp and the field 

H, as shown in Fig. 7. Thus, in the stable state we 

have (d/da)(E—HIy cos 6) =0 (10) 
—dE/da 


or H=——————__,_ [= Ih cos 8. (11) 
In sin 6d6/da 





It is convenient to take [/iokol) | as one of the 
directions of easy magnetization and to let ap be 
the angle between [ /ipkoly | and H. Then @=ay)—a 
and 


H=—————__, [= I, cos (a—aa),_ (12) 
Ip sin (ap —a@) 


where f; and fe are trigonometric functions of a, 
the coefficierits of K,; and Ke, respectively, in the 
expression for ZL given in Appendix I: 


L=Kifit+Kofs. (13) 


In Fig. 5 (b) are shown curves calculated by 
this method for values of K; and Ke consistent 
with Ej: <F£is1<Eio, namely, K,= —5000 and 
K2=40,000, with J>=500. For calculating the 
magnetization curve when H is parallel to [ 100], 
use is made of the expression for L for (hkl) 
=(100), [Aokolo |=[011], ao=45°; and for the 
[111 ] magnetization curve are used (hkl) = (110), 
Chokolo ]=[110], cos ag= 6/3. In the figure the 
K, term has also been added in such a way that 
in the direction of easiest magnetization the J, H 
curve corresponds in general form to the experi- 
mental curves. Comparison of Fig. 5 (b) with the 
data for nickel at 100°C, given in Fig. 5 (a), 
shows that the general character of the curves is 
the same. The most important point to be noticed 


1080 R. M. 


is that [110] is the direction of easiest magnetiza- 
tion at all flux densities the very 


highest flux densities in the experimental curves). 


(except at 
According to the ideas here presented, this can 
happen only when K¢ is important and has a sign 
opposite to K,. It should be noticed also that 
both by calculation and by experiment the [100 ] 
and [111] curves cross at about nine-tenths of 
saturation, the [100] lying below at lower flux 
densities. 

The data® and calculations for 50 permalloy are 
shown in Fig. 6. The constants derived from the 
data using Eq. (9) are K,=33,000 and Ky= 
— 180,000, consistent with Eyoo < Fin <Eiw. The 
calculation of the magnetization curve for the 
[110] direction, using and 
J =1210, is straightforward. For the [111 ] direc- 
tion, however, an ambiguity appeared when it 
was found that the 7, H curve calculated using 
Eq. (12), turned backwards toward the J axis at 
high values of J. In order to clarify this matter, 
E was plotted as a function of a@ for various 
values of H, as shown in Fig. 8. For /7=0 there 
are two minima in E£, the lower at a=0, and the 
higher at 55°, parallel to H. As H increases, the 
first minimum moves to a higher a and the second 


these constants 


minimum remains at 55°. The first minimum is 
the lower one until 7 is about 9.5 and a=10°, 
when the second minimum becomes the lower 
and consequently the more stable position for the 
magnetization vector. Thus in the absence of 
hysteresis the ideal [111] magnetization curve 


jumps to saturation (Jj) from J=J) cos (55° 


[hokolo] 





Fic. 7. Relation between the various vectors in an (hi) 
plane. 


*I am indebted to L. W. McKeehan and J. D. Kleis of 
Yale University for the opportunity of seeing Mr. Kleis’ 
data before publication 
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Fic. 8. The energy of a magnetic material as a function 
of the strength of the field and the direction of the mag- 
netization, in the (110) plane, for Kp =21,000, K, =33,000, 
K2= —_ 180,000. 


—10°)=0.71 J5=860, at about H=10. In Fig. 
6(b) the calculated [111] and [110] curves are 
shown with a Ky term added so that the [100] 
curve is that obtained by experiment. The solid 
curve marked [111] is that calculated as just 
described, assuming no hysteresis. If hysteresis 
were present so that the magnetization continued 
to lie in the first minimum until that disappeared, 
the magnetization curve for [111 ] would be that 
shown by the dotted line. Simple application of 
Eq. (12) leads to a curve displaced still farther to 
the right. 

Comparison of the calculated with the ob- 
served curves for 50 permalloy indicates a simi- 
larity in general character but none in detail. It 
does show that the integrals /H7dJ increase in 
the order Eyoo<F1::< Ei.) instead of the order 
Exo < Ej. < E111: which would exist if the Ke term 
were not taken into account. 

No consideration has been given to inclusion of 
a K; term of higher order. 

I am indebted to F. E. 
Laboratories for the measurements of the inten- 
sities of the x-ray reflections used in plotting 
Fig. 3; to L. A. MacColl for checking the various 
formulas and supervising the calculations; and to 
H. J. Williams for the measurements of Fig. 2 
and for many discussions. 
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APPENDIX I 


When £ is given by Eq. (1), L=—dE/da may be ex 
pressed for any plane (ki) as a function of a, the angle in 
the plane between the magnetization and the direction 
[hokolo]. The values of the squared cosines to be used in 
Eq. (1) are the following: 


S?=A,+B, cos 2a+C; sin 2a, 
So? = A2+ Bz cos 2a+ C2 sin 2a, 
S;? =A3+B; cos 2a+C; sin 2a. 


\where A; =he?/ (2H?) + (Rlo— ol)? / (2H?He? 
B, =e? / (2H?) — (Rlo— kol)?/ (2H? Ho"), 
C; = ho(Rlo— Rol) / (1 Ho?), 
Ag = ky? /(2H¢?) + (lho—lph)?/ (2H* He), 
A 3=|?/ (2H?) + (hko— hok)?/ (2H? Ho), 
and By, Bs, C2 and C; are similar expressions and 
H2=h+R+2, 
He =he+ke+h?. 

When K,=0, ZL is given as follows: 

L/K, = +2[A;(B.+B;)+A2(B3+B,) +A 3(B,+ Bz) ] sin 2a 
—2[Ai(C2+ C3) +A2(C3+ CG) +A3(Ci+ C2) ] cos 2a 
+2[(B,B.+ B.B;+ B;B,) — (CihC2+ C2C3+ C3C)) ] sin 4a 

— 2[B,(C2+ C3) + Bo(C3+C,)+B3(Ci+C) ] cos 4a. 


TABLE II. Values of L. 


hkl) [hokolo] 1 


100 001 Ki( —sin 4a) /2 


100 O11 Ki(sin 4a) /2 
110 001 Ki( —2 sin 2a —3 sin 4a)/8 +K2( —sin 2a —4 sin 4a 


+3 sin 6a) /64 
110 §©110 Ki(2 sin 2a —3 sin 4a)/8 
+K2(sin 2a —4 sin 4a —3 sin 6a) /64 


110 111 Ki(2 sin 2a +7 sin 4a) /24+Ki( —cos 2a +cos 4a) /(3 ¥ 2) 
+K2(3 sin 2a +28 sin 4a +23 sin 6a) /576 
+Ke( —3 cos 2a +8 cos 4a —5 cos 6a) /(144 y 2 
111 110 K2( —sin 6a) /18 
111-112 K2(sin 6a)/18 
211 «O11 Ki(—2 sin 2a +7 sin 4a)/24 
E +-Ke(13 sin 2a —20 sin 4a +25 sin 6a) /576 
211 111 Ki(2 sin 2a +7 sin 4a)/24 
+K 13 sin 2a —20 sin 4a —25 sin 6a) /576 








Fic. 9. Calculated L, H and J, H curves for iron with H 


o 


directed 22.5° from [100] in (001), using the constants 
K,=4(10)5, Jo =1760 


L has been calculated, with the K» term included, for 


the following combinations of (hkl) and [hokolo], given in 


Table II. 
APPENDIX II 


For a single crystal—see Fig. 7 and Eq. (12 


Ki fitKefe 
H= = » I=Iy)cos (ay—a), 14 


Ig sin (ao—a 
and from Eq. (13 
L=HIysin (aj—a). 
Thus, for specific values of (Akl), [hokolo], Ki, Ke, Jo and 


a, both H and L may be calculated as functions of a, 
and so LZ as a function of H. Also Jo is given for any value 
of L (or H). In Fig. 9, L and J/Jo are plotted against H 
for (100), [001 1, K, =4(10 a Io 1760 (constants for iron ‘ 
a@y=22.5°. The curves show, for example, that when 
L/Lmax =0.9, I/Jo=0.994; in other words, saturation in J 
is much more complete than saturation in L, in any given 
field. 

Eq. (13) shows why Z approaches a finite limit as 7 be- 
comes indefinitely large. As H increases, a approaches ap 
and L becomes K;/f;(ao) + Kefe(ao), which for the constants 
of the preceding paragraph becomes 2(10)* sin 4a9 = 2(10 
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Very Short Time Lag of Sparking 


ROBERT R. WiLson, Department of Physics, University of California, Berkeley, California 


(Received September 22, 1936) 


Time lag of sparking in the very short time interval 
from 5-10-® sec. to 115-10~® sec. has been measured as a 
function of overvoltage and illumination using the electro- 
optical shutter with a constant illumination method. It 
was found that down to 10~° sec. the time lags approached 
no lower limit if sufficiently high overvoltage was used. 
Variation of the intensity of illumination showed that the 
time lags measured consisted of two parts, a statistical 
part which is the time taken for an electron to be produced 
in the spark gap, and a formative time of more or less 
definite length depending on overvoltage and during which 


INTRODUCTION 


HE short time lag of spark breakdown can 
be measured by two methods using the 
Kerr cell electro-optical shutter. One is to apply a 
constant overvoltage to an un-ionized gap and 
then to set off the spark by a very rapid and 
intense flash of ultraviolet illumination. The time 
lag is measured from the start of the flash of 
illumination until breakdown occurs in the gap. 
A second method is to apply an overvoltage at a 
definite time to a gap already illuminated by a 
constant source of ultraviolet light, then to 
measure the time lag from the instant of applica- 
tion until sparking occurs. 

Using the first method, White’ has measured 
the variation of time lag with overvoltage and 
illumination in the time interval between 25-10~° 
and 150-10-* sec. He finds that the time lags seem 
to approach a limiting value of around 25-10~° 
sec. as the overvoltage is increased. However, as 
he has pointed out, this is no doubt the time 
taken for the intensity of his illuminating spark 
to build up to a value large enough to produce the 
electrons in the gap necessary to set off the spark. 

The present research was made in order to 
investigate by a different method the very short 
time lags especially below 25-10~* sec. They are 
of importance because they can be compared 
with the time of transit of an electron across the 
gap and because they might yield a clue as to the 
importance of some mechanism in spark break- 
down. Hence the second method was used since 





1H. J. White, Phys. Rev. 49, 507 (1936). 


time the actual mechanisms of spark breakdown take 
place. With time lag fixed, the requisite overvoltage was 
found to decrease directly with the log of the intensity of 
illumination. To explain the formative times a simple 
theory of sparking at high overvoltages is advanced which 
assumes that the formative time lag is the time for an 
electron to traverse the short distance in the spark gap 
necessary to produce by ionization by collision enough 
ionization to enable secondary photoelectric mechanisms 
of electron production in the gas and at the cathode to 
produce a visible spark. 


it eliminates the experimental difficulty of il- 
lumination met by White. 


APPARATUS AND METHOD 


A schematic diagram of the apparatus is shown 
in Fig. 1. G is the spark gap, and an approach 
voltage of about one percent below the sparking 
potential of the gap was supplied to it by means 
of the transformer 7, with a rectifier tube and 
capacity resistance filter. The overvoltage from 
T: and its rectifier and filter was applied across 
the high resistance R by closing a specially con- 
structed high vacuum switch. This effectively 
throws the approach and the overvoltage in series 
across the gap. A vacuum switch was necessary 
because at the very short times the voltage must 
be applied as rapidly as possible. The cathode of 
the spark gap could be illuminated by means of a 
quartz-mercury arc and a quartz lens. The in- 
tensity of this light could be varied by inter- 
posing screens of measured light stopping power. 
The voltages were measured by means of high 
resistance voltmeters. 

The spark gap could be observed through the 
electro-optical shutter and lens system, and the 
Kerr cell was connected across the vacuum 
switch through the transmission line, the length 
of which determined the time lag. Thus with the 
switch open, the electro-optical shutter was also 
open for then the overvoltage was across both. 
Closing the switch instantly applied the over- 
voltage across the spark gap and also started a 
voltage drop wave down the transmission line 
which, when it reached the Kerr cell, closed the 
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Fic. 1. Schematic diagram of the apparatus used. 
C, = C,=0.02uf; Ri= R,=R=105; C;s=Cy=0.01uf; Rs=R, 
= 1002. 


electro-optical shutter. If the wave arrived at the 
Kerr cell before spark breakdown occurred in the 
gap nothing could be seen in the optical system. 
With the length of the transmission adjusted 
to a definite value, i.e., a definite time lag, the 
applied overvoltage was raised until a spark could 
be seen. It was found that as overvoltage in- 
creased, at first only an occasional spark was 
observed when a given overvoltage was applied 
repeatedly. Therefore, in practice the overvoltage 
was increased in steps. At each step the over- 
voltage was applied a hundred times, and the 
number of sparks seen was counted. This number 
divided by one hundred gives the experimental 
probability that a spark occurs before the certain 
fixed time lag and at that particular overvoltage. 
This probability will be referred to hereafter as 
the sparking probability. Since the condition of 
the cathode surface and the intensity of illumina- 
tion greatly affect the initial number of electrons 
emitted at the cathode which has a large effect on 
the time lag, it was necessary that the gap spheres 
be carefully polished and cleaned after each fifty 
sparks in order to get consistent results. The 
intensity of illumination was kept constant by 
means of a photoelectric cell beneath the gap. 


DATA 


Fig. 2 shows the curves of sparking probability 
plotted against overvoltage with illumination 
constant. Each curve is for a different time lag 
which is labeled. The accuracy of the method is 
not great enough to determine the exact form of 
the curve the points should lie on, but the curves 
seem to be integral curves of a sort of Gaussian 
distribution curve so this type of curve has been 
drawn through the points in each case. The over- 
voltage at the peak of the Gaussian curve cor- 
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responds to the overvoltage at which, as is shown 
by graphical differentiation, the integral curve 
intersects the dotted line along which the prob- 
ability is equal to one-half. This critical over- 
voltage for each curve is plotted as a function of 
the corresponding labeled time lag in Fig. 3. 
(The curve referred to is the heavy curve a 
labeled 100 percent illumination.) On this curve 
at an overvoltage of about twenty-five percent 
the time lag is about 10-7 second and is decreas- 
ing rapidly with increasing overvoltage. Near 
10-* second the curve rises rather steeply and 
larger increases in overvoltage are required to 
further materially decrease the time lag. How- 
ever, if sufficiently high overvoltage is applied, 


9 


even down to 10~* second there does not seem to 
be a lower limit to the time lag as was apparently 
found by White. The overvoltages are also ma- 
terially higher than those required by White to 
cause the same time lag. This is because White 
used an illumination that was possibly a million 
times as intense as that from the mercury arc 
used in these measurements. In these experi- 
ments, however, the approach voltage increased 
the small photo-current by ten thousand times by 
ionization by collision. The high electron densi- 
ties produced by this approach voltage are all 
near the anode so that probably this increase does 
not affect the mechanisms of spark breakdown as 
much as its numerical value indicates inasmuch 
as White’s electrons were all liberated at the 
cathode. 

Variation of the intensity of illumination by 
means of screens gives the sparking probability 
overvoltage curves shown in Fig. 4, where for 
each set of curves a, } and c the time lag is fixed 
and for each curve of a set the illumination is 
fixed. The effect of illumination is very large, for 
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Fic. 2. Sparking probability as a function of percen#fge 
overvoltage. Each curve is for a fixed time lag which is 


labeled. 
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by diminishing the illumination from 100 percent 


to 0.39 percent, the critical overvoltage for a 


certain time lag (as defined above) is about 
doubled. If one now plots for each set of curves 
the critical overvoltages (where the sparking 
probability equals one-half) against the log of the 
corresponding illumination intensities, three ap- 
proximately parallel and straight lines result as 
shown in Fig. 5. Since a straight line was obtained 
at the extremities and the middle of the range of 
time lags here investigated, it is quite safe to 
assume that for any 


may draw a straight line parallel to the three 


time lag in this range one 


original lines. To find the exact position of the 
line, however, one needs one point at which the 
illumination, overvoltage, and time lag are 
known. This can be readily found from Fig. 3, 
curve a, the first the 
illumination is 100 percent and the overvoltage 


Thus this 


curve discussed where 
can be read as a function of time lag. 
procedure gives data relationships between the 
overvoltage, and 


variables, time lag, 


Hence by holding the illumination 


three 
illumination. 
in Fig. 5 constant we can obtain overvoltage time 
lag curves for different illuminations. The curves 
obtained by this process are shown in Fig. 3, 
curves 6, c and d. It can be seen that lowering the 
illumination merely translates the whole curve up 
to higher values of overvoltage, the amount of 
shift varying as the log of illumination. From this 
family of curves one can plot time lag as a func- 
tion of illumination by holding an overvoltage 
constant. This is done for various values of over- 
voltage in Fig. 6 where the log of each variable 
is plotted and approximately straight lines result 
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Fic. 3. Time lag against percentage overvoltage for various 
intensities of illumination. 
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Fic. 4. Effect of illumination on the shape of the sparking 
probability percentage overvoltage curves. Each set of 
curves is for a different but fixed time lag. 


whose empirical equations are of the form 
r‘J=constant. Also the dotted curve f in Fig. 3 
can be obtained by plotting the overvoltages 
corresponding to the first marked rises as indi- 
cated by the method in the 


sparking probability overvoltage curves of Fig. 2 


the sensitivity of 
These values of overvoltage, as will become clear 


in the discussion, seem to be the values that the 
curves are approaching as a limit as illumination 
is increased and are in quite good agreement with 
the data of White in the longer time interval if it 
is considered that his very intense illumination 


lowered the sparking potential five percent.” 


DISCUSSION 


The time lags measured seem to consist of two 
parts, a statistical part which is the time taken 
for an electron to be formed in the gap or get into 
a position favorable for breakdown to proceed, 
and a formative time of more or less definite 
length which depends on overvoltage and during 
which time the mechanisms of breakdown to a 
visible spark take ange These parts although 


* White, Phys. Rev. 48, (1935). 
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evident from the curves of Fig. 2 are better 
illustrated in Fig. 7 where the sparking prob- 
ability is plotted against time lag instead of 
overvoltage, the overvoltage being constant for 
each curve. The curves were obtained by inter- 
polation from the curves of Fig. 2 as follows: In 
Fig. 2 a family of many sparking probability 
overvoltage curves was drawn in by eye between 
the experimentally found curves. The time lag 
corresponding to each of the drawn-in curves was 
found by taking the value of overvoltage at 
which it crossed the sparking probability equal to 
one-half line and then finding the time lag cor- 
responding to this from curve a of Fig. 3. A 
sparking probability time lag curve of Fig. 7 
could then at once be drawn by holding an 
overvoltage in Fig. 2 constant and plotting the 
sparking probability of each sparking probability 
overvoltage curve at this overvoltage as a func- 
tion of the curve’s labeled time lag. It is important 
to notice that the curves obtained in Fig. 7 are 
quite similar in shape to those of Fig. 2. 

The formative time lag corresponds to the time 
up to the first rise in sparking probability of a 
curve of Fig. 7, for at this point an electron 
happens to be in a favorable position for break- 
down to proceed at the time of application of 
overvoltage. That the sparking probability 
should be nearly zero at this point is evident since 
it is very improbable, due to the rate of photo- 
electron emission at the cathode, that an electron 
be in the gap at application of overvoltage. Thus 


the photoelectric current over the sparking area 
at 100 percent illumination was about 10-” 
ampere which amounts to about one electron 
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Fic. 6. The time lag as a function of the intensity of 
illumination. 


every 10-5 second on the average. After a few 
times 10~° second it becomes almost certain that 
an electron should be in the gap and so the spark- 
ing probability curve rises from zero at the 
formative time and approaches the upper limit of 
certainty a few times 10~* second later. This 
interval of time is the range of the statistical 
times. Exact quantitative analysis of the data on 
the statistical times is made difficult and will not 
be given because the precision of the experi- 
mentally found points is not great enough to 
determine the exact form of the distribution curve 
and because it is not known how the factors that 
control the statistical times enter into the 
breakdown processes. 

That the formative time lag actually does exist 
is shown by the effect of illumination on the spark- 
ing probability overvoltage curves shown in Fig. 
4. Similar curves would be obtained if sparking 
probability were plotted against time lag instead 
of overvoltage as has been seen before. Decreas- 
ing illumination intensity does not seem to alter 
the position of the initial rise in a curve, but 
flattens the statistical part of the curve and thus 
makes it extend over a greater range of over- 
voltages or times. Thus the curves broaden 
outwards from the point of initial rise as illumina- 
tion decreases, instead of increasing the spread on 
the positive and negative sides of the peak. This 
is what is to be expected if the statistical time is 
mainly the time for an electron to be formed in 
the gap, for decreasing illumination increases the 
time required for a photoelectron to be emitted 
from the cathode and hence increases the sta- 
tistical time range. Could the illumination be 
made intense enough without changing the 
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sparking potential, the curves would approach 
vertical lines through the base of the present 
curves. This has been observed by White! using 
very intense illuminations at the longer time lags 
where he has reported the time lags as being 
definite. 

The formative part of time lag can be discussed 
in a more quantitative manner. An approximate 
condition for sparking is that the total charge or 
total number of electrons generated in the gap be 
a constant.*:* Assuming this one can postulate 
that formative lag is the time taken for an elec- 
tron to travel the distance necessary to produce 
by ionization by collision this necessary number 
of electrons. 

Here the time lag is that time between the 
application of the overvoltage and the oc- 
currence of breakdown as marked by the first 
appearance of visible luminosity in the gap. One 
can approximate the upper limit to the total 
number of electrons referred to above as being 
the number of electrons corresponding to a 
density of ionization in the gap sufficient to cause 
this luminosity. Lawrence and Dunnington‘ have 
found that about 30 percent of the gas in a spark 
about 10~’ second old is ionized or that there are 
about 10'* electrons per cm* at this stage of spark 
development. The volume of the spark here ob- 
served was approximately 10~* cm* and consider- 
ing this and the earlier time of observation in the 
present work the total number of electrons in the 
length of spark observed at sparking may be ap- 
proximated as being about 10" or less.* A number 
of this magnitude could be built up at the higher 
overvoltages by one electron in going but a short 
distance across the gap. Thus at 60 percent over- 
voltage where the value of the coefficient of 
ionization a calculated for the gap from Sanders’® 
data is 250 electrons per cm, one electron in going 
only 1.5 mm would produce e**°-!5 =10" electrons 
if space charge effects did not interfere to decrease 
this number. The total number of electrons to be 
produced by the initial electron does not need to 


3 L. B. Loeb, Rev. Mod. Phys. 8, 267 (1936). 

* Lawrence and Dunnington, Phys. Rev. 35, 396 (1930). 

5 In alpha-particle scintillation counting, a dark-adapted 
eye can see the light produced by a density of ionization of 
some 200,000 ions in a volume of between 10~* to 1077 cm’. 
Thus a spark just visible under these conditions would 
require around 10" ions per cm*. In the present case one 
may have been observing from 10" to 104 ions per cm# 
with 10" ions per cm* as an upper limit. 

°F. H. Sanders, Phys. Rev. 44, 1020 (1933). 
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be nearly so great as say 10". Since secondary 
mechanisms of electron production can complete 
the number necessary for breakdown. 

The process of breakdown at the higher over- 
voltage might then be that an electron in a 
favorable position travels in the high field and 
produces in a short distance a large number of 
electrons, that is, however, probably much less 
than 10" electrons. This ionization will liberate 
photoelectrically many electrons throughout the 
gap in the gas (which is heterogeneous,’ i.e., air) 
and these can multiply enormously by collision in 
going but a very short distance. At the same time 
photoelectrons can also be liberated at the 
cathode and these will also multiply by collision. 
The first luminosity might then appear at the 
cathode since both secondary mechanisms of 
electron production are effective and hence the 
greatest number of ions will be formed there. This 
is where the first visibility is actually observed in 
the short time interval. 

The above crude picture of breakdown is sub- 
stantiated by the findings of Cravath’? in a 
study of corona discharge in which he has esti- 
mated that for air one photoelectron is liberated 
in the gas for every 10* ions generated in corona 
discharge, and that one photoelectron is liberated 
from a copper electrode for every 10° primary 
electrons produced if all the radiation reaches the 
electrode. Thus, if at 60 percent overvoltage the 
initial electron produced 10” electrons, 10° elec- 
trons would be liberated in the gas albeit in an 
extended volume about the path, and 10° elec- 
trons would be liberated at the cathode if one 
percent of the illumination reached some spot on 
the cathode. These processes of secondary libera- 
tion will go on continuously as the initial electron 











10) = —S a 
nN a \ N} c 
=a} Or wal ol” 4 
af Sf Mo ot/ O'/ 
eo 869 / H/ © ° 
. & g p 
24 f 
ey j 
5 4 AS L l l ai | 
oO /0 2 30 40 


TIME LAG x/0* Sec. 
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from Fig. 1 by interpolation. The percentage overvoltage 
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~ 7A. M. Cravath, Phys. Rev. 47, 254 (1935). 





























TIME LAG 
travels so they will also interact to form more 
electrons. The 10° photoelectrons liberated in the 
gas in the region of sparking (i.e., about one 
percent of the total number) will in going 0.07 cm 
produce 10° e*°-°? =10" which would be enough 
for visibility. The 10° electrons produced at the 
cathode will produce 10" electron and thus will 
be quite effective in causing luminosity since they 
are more localized and concentrated. 

The formative time lag on the above theory 
should be determined principally by the distance 
the initial electron travels because the secondary 
processes of ionization which complete break- 
down can in a measure occur during the time the 
initial electron is moving and must occur in a time 
that is small in comparison with the whole time 
lag if these are to be effective. The number of 
electrons » produced in the gap by the initial 
electron in traveling a distance x is given by 
Townsend's equation = ne** where np is equal to 
one electron. By the criterion of sparking above 
this number is to be a constant so that e** =con- 
stant or ax=constant. If the electron travels 
with a constant velocity v which should vary with 
the square root of the field X, the formative time 
lag 7 will be r=x/v or$ r= k/ay/X where k is some 
constant. This relation is only approximate in 
that it neglects the effect of space charge on both 
a and the velocity of the electron. 

Curve f of Fig. 3 is a plot of the overvoltages 
taken at the bases or first rises in sparking prob- 
ability of the curves of Fig. 2, as a function of the 
labeled time lags. These overvoltages should 
correspond to the formative time lag since at 
these points the statistical time lag should be 
zero. Using the values of overvoltages and know- 
ing the sparking potential of the gap, a and fX 
can be calculated. If the simple theory outlined 
above is nearly correct, an approximately straight 
line should result if 1/a./X is plotted as a func- 
tion of the time lag corresponding to the value of 
overvoltage used in the calculation of 1/a/X. 
It must be pointed out that the overvoltages 
calculated from the data lose some significance 
since the applied voltage may double or increase 
in some complicated way and for some unknown 
duration because of reflection of the impulse 





8 From the relations: 
r=x/v, vay X 
ax =constant 


> eliminate v and x. 
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voltage wave at the gap. That the magnitude and 
duration of this multiplication is appreciable is 
indicated by the observation of breakdown oc- 
curring in a spark gap when a surge impulse 
voltage, instead of an approach voltage, as much 
as ten percent lower than the sparking potential 
was applied across a gap. The average actual 
overvoltage in all may 
therefore lie somewhere between the value ap- 
plied and double this value. Accordingly, 1/a\/X 
in Fig. 8 for the two cases, 


these measurements 


is plotted against r 
once in curve @ using the applied value of over- 
voltage and again in curve } using twice the value 
applied.’ It is seen that both curves are ap- 
proximately straight lines from zero time up to 
about 50-10-* second, where a break in both 
curves occurs. This break might indicate the time 
at which the electron can just cross the gap. The 
above theory of course would only be expected to 
hold up to this time. 

The numerical value of the constant k& calcu- 
lated from the slope of the experimental line is 
about 10-*. We can compare this to the value of 
the constant obtained from theory. If we assume 
the total number of electrons based on the cri- 
teria for sparking cited above to be 10", then 
e* =10" or ax 214. The theoretical velocity of 
the electron can be found if we extrapolate us- 
ing the equation’? y=1.4-10°4/X =x/r so that 
7210~/a\/X or the value of k is about 10~. 
Actually the electron velocity might be expected 
to be less due to space charge retardation, and the 
number of electrons required will not be as large 
as that used, both of these will tend to increase 
the constant for better agreement with 10-*. The 
velocity could be calculated on the assumption 
that the break in the curves indicates the time at 
which the electron just crosses the gap. With a 
gap of 3 mm and the break at about 5-10-§ 
second, the velocity would be about 6-10° 
cm/sec. If the constant is calculated using this 
value of velocity, the experimental and theo- 


* Note on calculation of 1/ay¥X from data: Suppose 
an overvoltage can only be determined to two places, 
i.e., 0.v.=3.2 kv, this must be added to the approach 
voltage =11.2 kv in order to determine X. Thus X =v/d 
= (11.2+3.2)/0.300 kv/cm which is accurate to the third 
place. Also a can be determined graphically to three places 
using Sanders’ data and knowing X to three places. 

1” This is the more probable value suggested by Loeb. 
See L. B. Loeb, J. Frank. Inst. 210, 15 (1930), p. 22. 
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Fic. 8. Plot of 1/ay X asa function of the time lag r. 


retical value of the constant agree approximately 
in order of magnitude. 

At the longer time lag range beyond the break 
in the lines it is noted that for both curves the 
points again seem to lie on an approximately 
straight line but of different slope. This can be 
explained if we assume that for this range most of 
the photoelectrons are liberated in the gas just 
the reaches the anode 


initial electron 


before 
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(where and when most of the electrons are pro- 
duced by it). These photoelectrons will now con- 
tinue across the gap until the necessary number 
of electrons is generated. The number of electrons 
generated before breakdown occurs will now be 
n= e%4-+- (10~%e*4)ee where d is the gap length 
and x; is the distance the photoelectrons travel. 
The (10~%e*?) term is the number of photoelec- 
trons produced by the initial electron in crossing 
the gap. The above expression can be written 

len td 


n=e%4(1+10-%e*:) which reduces to n= 10 
since the one is negligible at this range of times. 
Now 10~*e=*4 =10" and will equal a constant as 
before or ax=constant, where x=x,+d and the 
larger due to its 
6 term. It now 


constant will be somewhat 
antilog being divided by the 10 
follows as before that r= k/ax/X hence a straight 
line of different slope is to be expected for the 
longer time lag range as is observed. The change 
in slope of the experimental lines is in a direction 
such as to increase & as the theory indicates. 

I wish to express my thanks to Professor L. B. 
Loeb for his interest and help in the analysis and 
discussion of the interpretation of the results 
presented and to Professor E. O. Lawrence in 


whose laboratory and under whose general 


supervision the work was done. 
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Erratum: A Double-Focusing Mass Spectrograph and the Masses of N” and O* 


Joser Matraucn, University of Vienna, Austria 


Phys. Rev. 50, 617 


N the above paper unfortunately the explicit 

formula for the dispersion was omitted and 
due to a numerical slip the dispersion of the 
example of Fig. 3 was miscalculated. Therefore 
the following corrections should be made: 

On p. 619 first column, line 9, following the 
sentence: ‘“The resolution therefore depends on 
the 


the data of the electric field only’’ add 


statement: 

One obtains the dispersion d for one percent mass differ- 
ence of a double-focusing mass spectrograph from Eq. (11) 
by computing },,” for b..=0, K.=+K,, and y=1/100. If 
the plate is inclined to the incident rays by the angle a@ 
this expression has to be divided by sin a. Hence: 

1 1K, I 1 LK. 1 
=— .— =—_ .— —. (13*) 
100 K,,/amn—1 sina 100 K,/a,—1 sine 
The dispersion therefore depends on the data of the mag- 
netic field only. 


On the same page in the last line of the first 
column ‘‘Fig. 1 in 1000" should read “‘figure 1 in 
1000.’’ Following this should be added: 


According to Eq. (13*) the dispersion is about 1 mm for 


the middle of the plate. 

On the same page at the end of the small type 
print, second column omit the two sentences: 
‘The dispersion of a mass spectrograph of so 
big dimensions, however, would be about three 
times as large as is given by B. and J. Probably 


1936 


ad» is much smaller than is assumed for the sketch 
of Fig. 3.” In place of this omission insert the 
following: 

Since for a= 30° the mass scale is linear the dispersion is 


13*) we get: d=2a,/100 


=5.08 mm in good agreement with the value stated by 


uniform along the plate. From Eq. 


B. and J. This supports the assumption that the scheme of 
their apparatus is given by Fig. 3. 


In the meantime K. T. Bainbridge and E. B. 
Jordan, Phys. Rev. 50, 282 (1936), have pub- 
lished the design of their apparatus. Their Fig. 2 
shows that our guess was correct. 

On p. 622, 
sentence: ‘From the first part of Eq. (18) it 
that 
difference of mass decreases linearly with p from 


first column, line 3 following the 


follows the dispersion for one percent 


1.8 mm for lines near the fiducial point to 0.3; mm 
at the other end of the plate’’ should be added: 


The same result can, of course, be deduced from Eq. 
(13*). Using de l'Hospital’s rule for ~/* (or dividing 
numerator and denominator by /,,’ and computing the 
100) -(3/(1/am)) +1 


For a,,=p/2 sin ¥ and a=y=45° this becomes: d= (1 


sin @. 
100) 
-(p/2) and d(p near 36.3 cm)=1.8 mm, d(p near 6.5 cm) 


limit /,’—~2) we get: d=(1 
=0.3; mm. 
In Table II on p. 623 there are a few misprints: 


“M-10*" should read AM -10# 
“H!—H?” should read H,'—H? 
‘““H?— He*” should read H.?— Het. 
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LETTERS TO THE EDITOR 


Prompt publication of brief reports of important discoveries in physics may be 


secured by 


addressing them to this department. Closing dates for this department are, for the first issue of the 


month, the eighteenth of the preceding month, for the second issue, the third of the month. 


; 


The Board 


of Editors does not hold itself responsible for the opinions expressed by the correspondents. 


Communications should not in general exceed 600 words in length. 


On the Binding of Neutrons and Protons 
In a recent paper! Morse, Fisk and Schiff have discussed 
by exact solutions the several neutron-proton interaction 
problems, when the interaction is assumed to be 


J (rij) = —2D exp [(2/ro)(r1— 73) J+ D exp [(4/ro)(r1— rij) J, 


where, for r,:>0, the field is attractive for large r, repulsive 
for r<r;. It may be of interest to report the corresponding 
variational calculations for H; and Hes;. 

We first minimize the average Hamiltonian of 
deuteron with the trial wave functions e~®* and e~8*+ C-e77". 
The use of the former gives better than 95 percent of the 
true binding energy as calculated exactly. The latter func- 
tion gives inappreciably better results. In the H; problem 
we assume, to begin, that interaction takes place only 
between neutron and proton. We then apply the wave 


function 


the 


y =e Piriatristores) 


(where particle 1 is the proton in the H; nucleus) in the 
equation 

C3(Vi2+V22+V35") + W—J (riz) Piz” — J (ris)* Pis” Jy =0 
when P;;“ is the Majorana operator. The calculation of the 
average Hamiltonian H,, is facilitated by use of the 
expression 

6473 -v 

(a+8)(B+y)(y+a 


»e @r12 Bris-Vres 
{ — — dv,dvzdv; = 
/?0? 


ie" isl2 
Similar integrals with other combinations of r’s in the 
denominator are readily obtained by differentiating or 
integrating this expression with respect to a, 8 or y. 

H,, has been minimized for values of ro from 0.1 to 1.0 
nuclear units (8.94<10-'* cm) and for several values of 
r:/ro. We have kept away from limitingly small values of ro 
for as ro—>0 one can obtain arbitrarily large values of bind- 
ing energy (cf. L. H. Thomas).? In no case is H,, greater 
than about } the observed binding energy. The variational 
method can hardly be in error by more than a few percent 
in this range of ro, hence, we are led to the conclusion that 
there must exist a neutron-neutron attraction.* 

Assuming the neutron-neutron force proportional to the 
neutron-proton, where D’ is the depth of the J(rnn) hole, 
we recalculate H,, for several values of the ratio D’/D. 
The results are shown in Fig. 1. We see that D’/D must be 
between 3} and } in order to give the correct binding energy 
of H; (W=16) with a reasonable value of ro (deduced from 
other considerations). Similar calculations were carried 
out for r:/ro=}, 4. No appreciable differences in the values 
of H,, were obtained for corresponding values of ro. 


The calculations for He; were carried out on the assump- 
tion that J(rpp) differs from J(ran) only in a term, E, 
representing the coulomb repulsion. It was found that the 
magnitude of E. for the ro which best fitted the experi- 
mental binding energy of H; was 1.12 nuclear units. This 
is in fair agreement with the experimental value. 

The integrations of the He, problem cannot be carried 
out if we employ a wave function connecting all of the 
particles. From the results of the three-body problems, we 
can, however, draw certain conclusions which, in conjunc- 
tion with the paper previously mentioned,' give a fairly 
complete survey of an interesting type of interaction: 

(i) Neutron-neutron interaction is necessary and must be 
made roughly a third to a half of the triplet neutron-proton 
interaction. The singlet neutron-proton interaction as ob- 
tained from scattering' is about equal to the (singlet 
neutron-neutron interaction. This is in agreement with the 
recent work of Breit and Feenberg.* 

(ii) The assumption that neutron-neutron interaction 
differs from proton-proton interaction only in the coulomb 
term, E., seems to be justified, and is consistent with cal- 
culations on proton-proton scattering. 

(iii) There is little difference in the results (at least for 
the light nuclei here considered) obtained from Wigner- 
and Majorana-type interactions. 

(iv) The introduction of a central region of strong repul- 
sion has little effect on the binding energies. (Such a model 
would prevent the collapse of heavy nuclei without the 
introduction of a Majorana operator, but we have been 
unable to construct a satisfactory argument to show that 
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the binding energies of heavier nuclei would increase 
linearly with the number of particles, or that a particularly 
stable a@-particle would exist, without the 
Majorana operator.) 

(v) Good results for the binding energies of H; and He; 
can be obtained by the present method when the param- 
eters are adjusted to fit the binding energy of the deuteron; 
at the same time maintaining cons‘stency with the results 


retaining 


of reference 1. 

These results, which were obtained independent of the 
recent work of Present,® are consistent with his results, but 
represent somewhat greater generality, in that allowance is 
made for a region of strong repulsion between the particles. 

All of these calculations arose through our numerous 
discussions with Professor P. M. Morse, to whom we are 
indebted. 

J. B. Fisk, Society of Fellows, Harvard University, 

L. I. ScuirrF, Massachusetts Institute of Technology, 


W. SHOCKLEY, Bell Telephone Laboratories. 
November 15, 1936. 

1 Morse, Fisk, and Schiff, Phys. Rev. 50, 748 (1936). 
2L. H. Thomas, Phys. Rev. 47, 903 (1935). 

3 See Feenberg, Phys. Rev. 47, 857 (1935). 

4 Breit and Feenberg, Phys. Rev. 50, 850 (1936). 


5 Breit, Condon and Present, Phys. Rev. 50, 825 (1936 
® Present, Phys. Rev. 50, 635 (1936). 


Ionization Potentials of Free Radicals 


Measurements of the ionization potentials of certain 
polyatomic molecules by a molecular beam method have 
already been reported.! These measurements have now 
been extended to include the free radicals CH; and C2Hs. 
The free radicals were formed in the source by the thermal 
decomposition of the corresponding tetra-alkyl leads.* The 
beam of free radicals, defined in the usual way by source 
and image slits, was received in a specially designed ioniza- 
tion gauge. This form of detector has been found more 
suitable for use with free radicals than the Kingdon cage 
previously employed.! 

Curves relating anode potential and positive ion current 
were obtained, the voltage scale being calibrated against 
methyl iodide, I.P.=9.489 volts. Extrapolation of these 
curves to meet the voltage axis gave: I.P. (CH;)=11.1 
volts, I.P.. (C2H;)=10.6 volts; the estimated limits of 
error being +0.5 volt. 

It is possible to form an indirect estimate of the ioniza- 
tion potential of CH; on the basis of existing experimental 
data. Hogness and Kvalnes‘ and Hipple and Bleakney® have 
determined the appearance potential of CH;*, formed by 
electron bombardment of CHy,, as 15.5 and 14.7 volts, 
respectively. Norrish,* from a consideration of thermal and 
spectroscopic data, obtains 4.5 volts as the energy of the 
C—H bond. Direct subtraction of the bond energy from the 
appearance potential yields 11 volts (H. and K.) or 10.2 
volts (H. and B.) for the ionization potential of CHs, in 
substantial agreement with our directly determined value. 

Mulliken’s theoretical estimate is 8.5 volts.’? He suggests 
that this value may be brought into line with the ap- 
pearance potential data by assigning some 2 volts in- 
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ternal or kinetic energy to the products of the reaction 
CH,—~CH;*t+H. It appears from our results, however, 
that a few tenths of a volt at most can be accounted for in 
this way. 
A full account of our experiments will appear elsewhere. 
R. G. J. FRASER 
T. N. Jewitt 
Laboratory of Physical Chemistry, 


Cambridge, England, 
October 24, 1936. 


'T. N. Jewitt, Phys. Rev. 46, 616 (1934 

?F. Paneth and W. Hofeditz, Berichte 62, 1335 
W. Lautsch 64, 2702 (1931 

3W. C. Price, J. Chem. Phys. 4, 539 (1936). 

‘*T. R. Hogness and H. W. Kvalnes, Phys. Rev. 32, 942 (1928 

5 J. A. Hipple and W. Bleakney, Phys. Rev. 47, 802 (1935). 

*R. G. W. Norrish, Trans. Faraday Soc. 30, 106 (1934). 

™R. S. Mulliken, J. Chem. Phys. 1, 492 (1933) 


1929); F. Paneth and 


The Shortest Continuous Radio Waves 


An investigation was undertaken to determine the 
practical short limit for electromagnetic waves 
produced by vacuum tubes. Stable continuous waves of 
0.64 cm wave-length were produced by means of a split 
anode magnetron operating in the electronic mode of 
oscillation. The wave-length was measured to within one 
percent by an echelette grating spectrometer, which has 


wave 


been described in previous papers.'! The receiver was an 
iron pyrite crystal connected to a sensitive galvanometer. 

The table gives information concerning the construction 
and operation of three microray tubes designed to operate 
at wave-lengths below 2 cm. R, is the anode radius in cm, 
L is the distance in cm from the shorting bar on the Lecher 
frame to the filament, V is the anode potential in volts, H 
is the magnetic field strength in oersteds, and \ is the wave- 
length in cm. 


Tuse No. Ra L V H 
1 0.045 0.99 830 6,600 1.87 
2 0.035 0.75 1350 9,900 1.22 
3 0.019 0.38 1200 24,000 0.64. 


The tube producing the shortest wave-length (No. 3) 
produced about 4X10-* ampere in a crystal detector 
placed at the focus of the receiving mirror, and at a 
distance of 15 meters from the tube. In order to obtain the 
magnetic field necessary to operate tube No. 3, the elements 
were enclosed in an envelope whose outside diameter was 
0.45 cm. 

It may be concluded that continuous electromagnetic 
waves may be produced as short as 6 mm by means of a 
split anode magnetron, and that the lower limit is de- 
termined by the strength of the magnetic field which it is 
practicable to obtain. The tubes will operate with sufficient 
stability and output to serve as sources of electromagnetic 
radiation for many researches in this wave-length region. 

C, E. CLEETON 
N. H. WILLIAMs 
University of Michigan, 


Ann Arbor, Michigan, 
November 16, 1936. 


1Cleeton and Williams, Phys. Rev. 44, 421 (1933); Cleeton and 
Williams, Phys. Rev. 45, 234-237 (1934); Cleeton, Physica 6, 207-209 
(1935). 
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Coincidences in Time in Compton Scattering 

The recent experiments of Bothe and Maier-Leibnitz! 
and of Jacobsen? have shown conclusively that true 
coincidences are observable with the arrangement of 
counter tubes suggested by the simple theory of the 
Compton effect. One important aspect of the matter has 
received but scant attention, however. In so using a photon 
counter, which is set off principally by the recoil electrons 
coming from the wall of the tube, one is assuming coinci- 
dence in time between the arrival of the photon and the 
ejection of the electron. This is practically equivalent to 
the assumption of the correctness of the simple theory. 
Thus, the instrument used in the experiment is used in a 
manner which presupposes one particular outcome of the 
experiment. To be sure, if there were a time lag between the 
arrival of a photon and the ejection of a scattered electron 
which varied in random fashion the experiment could give 
no true coincidences for a double reason—the failure of 
coincidence both in the scatterer and in the photon counter. 
It is a possible hypothesis, however, that there is a definite 
time lag before electron emission of essentially the same 
amount for both scattering processes. This would give 
experimentally observed coincidences in spite of lack of 
coincidence in individual scattering events. The ejection of 
the electron from the scatterer would follow the arrival of 
the primary photon and departure of the scattered one by a 
time, r. This electron would arrive at its counting tube and 
set it into operation practically instantaneously. The 
scattered photon would go to its counter and if again 
scattered there the recoil electron would appear with the 
same time lag, r. The two counters would be put into 


operation simultaneously. For this to happen it would be 
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necessary for r to be independent of the energy of the 
photon, which seems unlikely. In Bothe and Maier 
Leibnitz’s experiments the incident photons have an energy 
of 2.65 Mev, while the scattered ones arriving at the photon 
counter have an energy of 1.5 Mev. Fortunately, it is not 
necessary to give further consideration to this possibility 
because of the experiments of Piccard and Stahel.* They 
point out that a failure of coincidence between the scattered 
electron and photon would necessitate the emission of 
either one or the other with a time lag, although they do 
not discuss the operation of the photon counter. These 
considerations led them to perform their ingenious experi 
ments, using rotating disks for scatterers, which show that 
neither photons nor electrons are emitted more than 10 
seconds later than the incidence of the original photons. 
The resolving time of the circuits used for detecting 
coincidence of discharge of counter tubes is of the order 
of 10~-° seconds, so we may conclude from the experiments 
of Piccard and Stahel that the objection to the counter 
experiments suggested above is not a valid one. The 
experiments of Piccard and Stahel supplement as well as 
confirm those made with the counters. They seem to us to 
be of an importance greater than that which the modesty 
of Piccard and Stahel permits them to claim. 

BANESH HOFFMANN 

A. G. SHENSTONE 

Louts A. TURNER 

Palmer Physical Laborator 


Princeton, New Jersey, 
November 9, 1936 


1 W. Bothe and H. Maier-Leibnitz, Zeits. f. Physik 102, 143 (1936 
J. C. Jacobsen, Nature 138, 25 (1936 
\. Piccard and E. Stahel, J. de phys. 8, 326 (1936 
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Proceedings of the American Physical Society 


MINUTES OF THE NEW YORK MEETING, OCTOBER 29-31, 1936 


: 208th regular meeting of the American 
Physical Society was held in New York 
City at the Pennsylvania Hotel on Thursday, 
Friday and Saturday, October 29, 30 and 31, 
1936 in conjunction with the general program of 
the American Institute of Physics Incorporated, 
which was celebrating its fifth anniversary. On 
Friday afternoon the contributed papers were 
divided into three sessions at which the presiding 
K. Richtmyer, President of the 
Randall, 


officers were F. 
American Physical Society, H. M. 
Vice President, and John Zeleny. 

On Friday evening the various cooperating 
societies had a dinner at which John T. Tate 
presided. He called upon Karl T. Compton for 
an address in which he outlined the development 
of the American Institute of Physics Incorpo- 
rated with the help of the Chemical Foundation. 
After the remarks of Dr. Compton the Chairman 
called upon Mr. John Mulholland to entertain 
the guests with magic. The attendance at this 
dinner was about five hundred. 

A complete statement of the general program 
of the American Institute of Physics will appear 
in the December issue of the Review of Scientific 
Instruments. 


Meeting of the Council. At its meeting held on 
Thursday, October 29, 1936 the deaths of three 
fellows (J. B. Brinsmade, S. M. Kintner and 
Edward Weston) and one member (Alfred H. 
Cash) were reported. One candidate was trans- 
ferred from membership to fellowship, and eighty 
candidates were elected to membership. Trans- 
ferred from membership to fellowship: C. Drum- 
mond Ellis. Elected to membership: Robert A. 
Ackley, James S. Allen, George H. Bancroft, 


V. P. Batha, V. L. Bollman, Ralph B. Bowersox, 
Facundo Bueso-Sanllehi, Philip B. Bucky, Robert 
O. Burns, Phillip R. Carlson, Elbert P. Carter, 
Paul E. Charton, Edward B. Cooper, M. Alden 
Countryman, Dean B. Cowie, Joseph Demers, 
George A. Downsbrough, Louis F. Ehrke, H. 
Feistel, Michael Ference, Jr., Sherwood Githens, 
Jr., Nicholas Golovin, Martin J. Gould, Arthur 
Haas, Clarence A. Hall, Joseph P. Harper, 
Sherwood K. Haynes, Donald G. Hurst, Yoshiro 
Ikedo, Hans von R. Jaffe, Walter E. Jordan, 
Joseph Kaminsky, L. D. Percival King, Bernard 
B. Kinsey, Christian C. Larson, Vivian A. Long, 
Albert D. Loring, Irving F. Matthysse, J. L. 
McKibben, Eugene H. Melvin, J. M. W. Milatz, 
Frank Morgan, Forrest H. Murray, R. Andrew 
Nelson, Doyle L. Northrup, Leonard O. Olsen, 
Arthur C. Omberg, Mituo Ono, Lawrence Ott, V. 
Lawrence Parsegian, J. O. Perrine, Gilbert Plain, 
J. A. Prins, Theodore G. Psilolihnos, J. Emilio 
Ramirez, Norman F. Ramsey, Willis M. Rayton, 
H. E. Ruff, Francis Segesman, Thomas R. 
Shugart, H. J. Sprengel, Frederick W. Stallmann, 
Hans Staub, R. Meldrum Stewart, John N. 
Street, Sugeno Takesi, Richard Taschek, Delia 
A. Taylor, John D. Trimmer, James Van Allen, 
Harold G. Vogt, Arthur von Hippel, Alan T. 
Wager, Thomas H. Wallace, I. Warshawsky, 
Charles P. Wells, E. C. Wiersma, Harold W. 
Woolley, Frank H. Yeargers, and Carroll L. 
Zimmerman. 

The regular scientific program of the Society 
consisted of thirty-eight contributed papers. The 
abstracts of these papers are given in the 
following pages. An Author Index will be found 
at the end. 

W. L. SEVERINGHAUs, Secretary 


ABSTRACTS 


1. Ferromagnetic Anisotropy in Alpha Iron and in 
Gamma Nickel-Iron and Nickel-Cobalt-Iron at and above 
Room Temperature. L. W. McKeenwan, R. G. Piety 


AND J. D. Kets, Yale University.—Oblate spheroids cut 
from single crystals have been examined by the pendulum 
magnetometer method. Magnetization curves along four- 
fold, threefold and twofold axes have been obtained at 
room temperature and at two or more higher temperatures 
below the Curie points. In alpha iron (of exceptional 
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purity) and in gamma nickel-iron the results are quali- 
tatively similar to previous results of others. In iron the 
anisotropy vanished just above 600°C. In the nickel-iron 
series the anisotropy changes its type at 76 percent nickel. 
In gamma nickel-cobalt-iron with from 40 to 80 percent 
nickel there is evidence supporting the finding of J. W. 
Shih,! that in gamma nickel-cobalt the anisotropy changes 
type twice between 80 and 97 percent nickel. 
1 J. W. Shih, Phys. Rev. [2] 50, 376-379 (1936). 
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2. Magnetic Analysis of Evaporated Bismuth Films. 
C. T. Lane, Yale University—By using a compensated 
Gouy method in conjunction with a Sartorius micro- 
balance, the magnetic susceptibility of Bi films from 
0.14 to 44 thick has been determined. The films are 
deposited on thin glass plates (water cooled) from vapor 
in high vacuum. The susceptibility is determined as a 
function of film thickness for the case where the plane of 
the film is perpendicular to the magnetic field. For films 
above 0.54 the susceptibility is independent of film thick- 
ness and equal to that of a single crystal with [111] parallel 
to the field. At angles other than the above, for films above 
0.5u, the susceptibility obeys the same cos? law as a single 
crystal, with its trigonal axis in the plane of the field. 
Below 0.5u the susceptibility decreases as film thickness is 
reduced. Bismuth films (thickness >0.5u) deposited on 
Au, Cu and Sn are identical with those deposited on glass. 
On the basis of a comparison between known results for 
single crystals and colloidal powders respectively and the 
present work, it is suggested that these films possess fiber 
structure of normal particle size above 0.54 and show 
microcrystalline fiber structure below this thickness 


3. The Magnetic Susceptibility of Molecular Hydrogen. 
Enos E. Witmer, University of Pennsylvania.—For 
molecular hydrogen the molar magnetic susceptibility xm 
is given by the formula! 

i? . vt. S |m°(nt; n) |? ; 1) 
6mc? 3 nttn hv(n'; n) 

The two terms on the right have been evaluated by using 

the wave functions for the normal state of hydrogen given 

by James and Coolidge. The values of the first term 

evaluated from their eleven-term functions for different 

internuclear distances R are given in the following table: 


R (atomic units) First term X 10® 


1.2 — 3.578 
1.3 —3.774 
1.4 — 3.998 
is —4.253 


These values were averaged by using a Morse wave 
function for the vibrational state v=0. The resulting value 
of the first term is —4.151X10~, if Ro=1.40 is taken as 
the point of minimum electronic energy. Experimentally 
Ro=1.418. With this value of Ro, the resulting value is 
—4.198 x 10-*. The second term in Eq. (1) was evaluated 
for the five-term function of James and Coolidge, and 
yielded 0.285 X 10~*, using the approximation of Van Vleck 
and Franck. The resulting values of xm are —3.87 107 
for Ro=1.40 and —3.91X10~* for Ro=1.418. Considering 
the scattering in the original observation of Soné and Wills 
and Hector, either of these values appears to be in harmony 
with experiment, although the latter is in better agreement 
with the average values obtained experimentally. 


J. H. Van Vleck, Electric and Magnetsc Susceptibilities, p. 275. 


4. Propagation of Potential in Discharge Tubes. L. B. 
Snoppy, J. W. BEAMs AND J. R. Dretricn, University of 
Virginia.—The investigation of the propagation of po- 


tential in long discharge tubes recently reported!:? has 
been continued with the use of the same type of apparatus. 
The velocity of 124 kv impulses has been measured as a 
function of pressure when the 5-mm diameter glass dis- 
charge tube was filled with air, CO, and hydrogen, re- 
spectively. In the case of each of the above gases the graph 
of pressure versus velocity of propagation is roughly linear 
over the pressure range from 0.02 mm to 0.2 mm. At the 
higher pressures the velocity increases at a much slower 
rate. In the case of each of the gases the velocity of propa- 
gation was varied over wide ranges without distortion or 
attenuation of the voltage waves, at least for a ten-meter 
tube. For example, in air from 9X 108 (0.08 mm pressure) 
to 43108 cm/sec. (5.4 mm pressure. This pressure was 
previously! * incorrectly stated). It is believed that the 
above phenomena is similar to that usually observed in 
the lightning flash. 


1 Phys. Rev. 50, 469 (1936). 
2? Nature 138, 167 (1936). 


5. Films Formed on Electrodes During Activation of 
Oxide Coated Cathodes. L. B. HEApRICK AND E. A. 
LEDERER, RCA Manufacturing Company, Inc., Harrison, 
New Jersey.—Deactivation of oxide coated cathodes has 
been observed in numerous types of electron tubes when 
an electrode close to the cathode is bombarded by electrons. 
The deactivation has been shown to be due to decomposi- 
tion, by electrons of 7 to 25 volts, of a film formed on the 
side of the electrode exposed to the cathode. The film is 
formed during the activation of the oxide coated cathode 
and is not decomposed by electrons of 5 volts or lower. 
These films are attributed to the formation of polymerized 
carbon oxygen compounds by surface reaction at the 
electrode surface facing the cathode. Chemical tests have 
shown that the films are composed of carbon compounds 
and barium compounds, probably oxides. The deactivation 
of the cathode when the film is decomposed is attributed 
to oxygen liberated from the film under electron bombard- 
ment. In tubes where the film is formed on part of an 
electrode exposed to the cathode, it is shown that the 
cathode is deactivated only when current is drawn to the 
part of the electrode covered by the film. The films may 
have high values of electrical resistance. A method of 
activating oxide coated cathodes without the formation of 
such insulating films is discussed. 


6. Electronic Voltage Stabilizers. F. V. Hunt Anp 
R. W. HickMAn, Harvard University —Most of the voltage 
stabilizing circuits employing thermionic tubes can be 
classified into three groups, according to their derivation 
from (1) the bridge circuit for measurement of the varia- 
tional amplification factor, (2) the bridge circuit for meas- 
urement of the transconductance, or (3) the simple 
amplifier circuit with degenerative auto-bias. Each of 
these simple circuits admits several variations in multi-tube 
arrangements wherein the control voltage is amplified 
before application to the grid of the control tube. This 
classification not only includes most of the stabilizing 
circuits recently published but suggests several new circuits 
and indicates the manner in which the circuits can be 
extended to meet various specifications. Computation of 
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the internal output impedance and the voltage stabilization 
ratio allows the performance of these circuits to be pre- 
dicted for variations of output load as well as input 
voltage. These parameters are given for all of the circuits 
considered. It is usually possible to eliminate polarizing 
batteries by the use of glow discharge tubes or an auxiliary 
stabilizing circuit of group (1) or (2). Examples will be 
given of the actual performance of the most useful of the 
new circuits. 


7. A Spectroscopic Study of the Magnetron Discharge. 
OVERTON LUHR AND FRANK J. STUDER, Union College.— 
The spectra from magnetron discharges in various gases 
have been studied with the aim of investigating the 
efficiency of this type of source in producing the higher 
states of ionization. The study of helium was of particular 
interest since in a mass-spectrograph study of this type of 
discharge made by one of the writers, it was impossible to 
distinguish the He** from the H,* ions which were always 
present. The discharge between a tungsten filament and a 
nickel cylinder was operated at widely varying voltages 
currents, and gas pressures. The most satisfactory results 
were obtained at about 250 volts, 0.5 ampere, and 
pressure of 0.1 mm of mercury. A magnetic field of the 
order of 200 oersteds parallel to the axis of the cylinder 
greatly intensified most of the lines in the region of the 
spectrum investigated between 7000 and 2000A. Higher 
members of the series in both the He I and He II spectrum 
were brought out with good intensity compared to results 
obtained with other types of discharge. The magnetron 
should thus be an efficient source of He** ions. In the case 
of nitrogen and mercury many lines of the N II, N III, 
N IV, and Hg II spectra were identified. 


8. Measurements of the Diffusion of Ions in Mercury 
Vapor. K. H. Kincpon anp H. E. Tanis, JR., Research 
Laboratory, General Electric Co., Schenectady, N. Y.— 
Current from a 60-cycle source is passed through a mercury 
vapor tube and stopped abruptly at the peak. The residual 
ions are allowed to diffuse away for a definite (variable) 
time (¢) under relatively field-free conditions. Then a 
negative voltage is applied to a probe and the peak ion 
current (i,) to the probe is measured. This has been done 
in several different tubes under widely varying experi- 
mental conditions. In general the plots of log 7, against ¢ 
consist of two straight lines, with the part of the curve at 
small ¢ having several times the slope of that at large ¢. 
For example, after passing a current of 50 amp. through a 
tube 7 cm in diameter, with the mercury reservoir at 40°C, 
the time constant (time for i, to fall to 1/e) for the first 
part of the curve was 88 microseconds, and that for the 
second part was 241 microseconds. The tentative interpre- 
tation of the change in slope is that during the first part 
of the curve the ion temperature is falling rapidly, whereas 
during the second part the diffusion of ions takes place 
substantially at wall temperature. 


9. Some Factors Influencing the Sparking Potential in 
Hg Vapor. E. J. Lawron anp K. H. Kinopon, Research 
Laboratory, General Electric Co., Schenectady, N, Y.—The 
sparking potential between closely spaced Ni electrodes in 
Hg vapor at 0.002 mm pressure was found to be reduced 
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as much as 15-fold following a few minutes bombardment 
of one electrode with 2000-volt positive ions. Smaller 
reductions in the sparking potential were found as the 
time of bombardment was decreased and also as the ion 
voltage was decreased. The electrode after bombardment 
also showed an increased field emission. A reduction of 
some 4-fold was found after an electron current of several 
amperes had been passed between the electrode and a 
barium oxide cathode. The sparking potential was not 
altered appreciably if the electron current 
enough to heat the electrode to heat. The field 
emission following the current treatment was not always 


was great 
a red 


measurable. Bombarding the electrode after the current 
treatment usually resulted in a further lowering of the 
potential to that corresponding to the bombardment 
failure. The effect produced by either the ion bombard- 
ment or the current treatment was very easily destroyed 
by sparking the electrodes at high voltage several times. 
In fact, as few as six sparks were sufficient to age the 
electrodes from 5 kv to 75 kv. 


10. Ionization of Mercury Vapor by Positive Sodium 
Ions. ROBERT N. VARNEY, New York 
balanced space charge method for detecting feeble ioniza- 
tion, which is entirely uninfluenced by secondary electrons 


University.—A 


liberated from surrounding walls, was used for detecting 
the inset potential for ionization of mercury vapor by 
positive sodium ions. The potential was found to be 89 
volts. The method has been used previously to detect 
similar The when 
properly compared, indicate that this inset potential for 


ionization in noble gases. results, 
Nat* in Hg is not in disagreement with conclusions drawn 
from the noble gas results. The efficiency of ionization 
above the inset is very roughly estimated to be less than 
one-fifth of that for Na* in Ne under corresponding con- 
ditions. Hg vapor is the only gas other than noble gases in 
which ionization by positive alkali ions has been observed 


by this method. 


11. Alpha-Particle Bombardment of Neon, Argon and 
Calcium. ERNEST POLLARD AND CHARLES J. BRASEFIELD, 
Yale University —We have detected protons from neon 
and calcium when bombarded by Th C’ alpha-particles 
but not from argon. Only one group is found from each 
element. We ascribe the emitted particles to the two 
reactions, 


He*+ Ne** = Na*+ H!(— 2.6, Mev), 
Het+ Ca* =Sc#+ H!(—4.2; Mev), 


with the nuclear energy changes as indicated. The fact 
that in the first reaction no second group was found of 
range greater than 10 cm means that the separation 
between the ground level and the first excited state of 
Na*™ exceeds 2.2 Mev while for the analogous product 
nuclei Al?’, P*!, Cl** it has been found to be less than 1 Mev. 
The neon reaction is therefore exceptional. No decision is 
possible for the calcium reaction as the maximum range is 
already so short that a second group could hardly be 
detected. From the neon reaction we derive the value 
22.9972 for the mass of Na* using Aston’s recent value 
for Ne*®, 





pa 8 
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12. The Absorption of Slow Electrons in Cl. J. B. 
Fisk,* Massachusetts Institute of Technology.—Measure- 
ments of the total cross section for scattering of electrons 
from 2 to 50 volts energy in Cl, have been carried out. 
A scattering chamber similar to that of Brode! was used, 
and allowance made for a continual flow of the gas. A pure 
tungsten filament drawing 0.5 amp. when fully activated 
was used as the electron source. Measurements were first 
made with Ne, the results comparing very well with those 
of previous investigations? and with the theory of elastic 
scattering.’ The chlorine cross section, in the energy range 
indicated, varies between 800 and 2000 sq. atomic units 
(whereas the N2 maximum is but 90 of these units). A cal- 
culation of the expected elastic cross section gives a very 
high peak at less than 0.5¥ V and a curve similar to that 
observed for Na and Cs, but this theory cannot account 
for the large maximum observed at 2.65y V. The chlorine 
cross section must then be attributed to a number of 
processes besides elastic impact: dissociation, various 
types of excitation, formation of negative ions, et cetera. 
The probabilities of some of these processes is presumably 
high as, for example, the dissociation energy of Cl. is but 
2.47 volts. Calculations of these inelastic processes have 
not as yet been carried through for diatomic molecules. 

* Now at Harvard University, Society of Fellows. 

1 J. B. Brode, Proc. Roy. Soc. 125, 134 (1929) 

2 Briiche, Ann. d. Physik 81, 532 (1926); Brode, Phys. Rev. 25, 636 


(1925). 
3J. B. Fisk, Phys. Rev. 46, 167 (1936). 


13. Ka Satellite Lines for Elements Zn(30) to Pd(46). 
C. H. SHaw, National Research Fellow, aNv L. G. PARRATT, 
Cornell University—With a _ two-crystal spectrometer, 
ionization curves of the Ka;,4 group of x-ray satellite 
lines have been recorded for elements Zn(30) to Pd(46). 
In this satellite group are found four component lines for 
elements 30=Z=33, three components for 34=Z=40 and 
two components, a;’ and a4, for 41=Z=46. The wave- 
length position, relative intensity, and line width at 
half-maximum intensity of each component has been 
measured. A sharp and anomalous decrease (with in- 
creasing Z) in the total satellite intensity relative to the 
a, intensity is found in the region of Y(39). Curious and 
anomalous intensity relations are also found among the 
individua! satellite components. 


14. In'®, Hyperfine Structure Deviations and Electric 
Quadrupole Moment. R. F. BAcHER AnD D. H. Tom- 
BOULIAN, Cornell University —Measurements of the hyper- 
fine structure of the lines of In II, using a Fabry-Pérot 
interferometer, have shown that there are deviations from 
the interval rule. These deviations are of two types. The 
line A7852(5s6p 'P;—5s6s So) has only three components 
and these can be measured accurately. By using 3 and 5 mm 
separators the separations are found to be —0.4318 and 
—0.3612 cm™, showing that the intervals are irregular. 
The line \7183(5s6p *P; —5s6s*S,) also shows that the 
intervals in the *P, level are not regular. For this second 
line however the deviations are due to the presence of the 
8P level near at hand, as has been shown by Paschen! 
particularly for higher series members. For the 'P; level 
the perturbing effect on the regularity of the intervals by 


the only levels in the vicinity is negligible. The observed 
deviations from interval rule can be accounted for by the 
existence of an electric quadrupole moment of the nucleus, 
as for Bi. This leads to a nuclear quadrupole moment 
k?=1.0X10-*4 cm*. No trace of the isotope In" was 
found although the components of In"® were greatly over- 
exposed on some plates. 


1 Paschen, Sitzungsber. Preuss. Akad. 24, 430 (1935). 


15. Absorption of Some Metallic Halides in the Schu- 
mann Region. H. M. O’Bryan AND E. G. SCHNEIDER, 
Harvard University—In order to extend the measure- 
ments of Hilsch and Pohl! on the ultraviolet absorption 
bands of the alkali halides below 1600A, lithium fluoride 
has been used as a support for thin films of the salts. 
Selected lithium fluoride plates of one millimeter thickness 
when properly cleaned were consistently transparent to 
1050A. The compound to be studied was distilled onto the 
lithium fluoride within a Thibaud spectrograph. A silver 
solder-carboloy hot spark and Ilford Q plates were used 
to make the measurements. Comparison of spectra trans- 
mitted by the lithium fluoride plates with and without 
absorbing films of approximately 0.06 micron thickness 
show, in addition to the bands reported by Hilsch and 
Pohl, a number of bands below 1600A whose widths vary 
between 0.3 and 1.3 electron volts. Observations made on 
some of these compounds by A. Smith? using a less direct 
method agree very poorly with these measurements. 
A comparison of the observed bands with the computations 
by A. v. Hippel* shows a partial agreement. Results on 
several alkaline earth halides show only a series of sharp 
absorption edges with continuous absorption toward 
shorter wave-lengths. 

1 Hilsch and Pohl, Zeits. f. Physik 59, 812 (1930). 


A. Smith, Phys. Rev. 44, 520 (1933) 
3A. v. Hippel, Zeits. f. Physik 101, 680 (1936). 


16. Wave-Length Standards in the Extreme Ultraviolet. 
KENNETH R. More* AND CAROL A. RIEKE, Massachusetts 
Institute of Technology—tIn order to be certain that the 
wave-length standards in the extreme ultraviolet are not 
subject to the small errors inherent in the method of 
overlapping orders the wave-lengths of several lines of 
carbon, nitrogen, and oxygen have been determined by a 
method which is free of that objection. This has been 
accomplished by the comparison, using a two-meter focus 
normal incidence vacuum spectrograph, of the first order 
of the lines in question with the first order of certain lines 
of the Cu II spectrum. The wave-lengths of these Cu II 
lines have been computed with considerable accuracy by 
Shenstone! by the use of the combination principle. The 
values obtained in the present investigation are in good 
agreement with those of Boyce and Rieke,? and of Weber 
and Watson,’ which were obtained by the method of 
overlapping orders. Since the results of three investigations 
are now in satisfactory agreement, mean values, suitably 
weighted, are suggested for use as wave-length standards in 
the extreme ultraviolet. 

* This research was carried out during the tenure of a Royal Society 
of Canada Fellowship. 

1A. G. Shenstone, Phil. Trans. Roy. Soc. London 235, 195 (1936). 


2 J. C. Boyce and C. A. Rieke, Phys. Rev. 47, 653 (1935). 
2R. L. Weber and W. W. Watson, J. O. S. A. 26, 307 (1936). 
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17. The Infrared Absorption of Heavy Acid Solutions. 
E. K. PLYLER AND DupDLEy WILLIAMs, University of North 
Carolina and University of Florida——The infrared ab- 
sorption of deuterium oxide and of DCI, D,SO,, and D;PO, 
solutions has been measured in the spectral region between 
2u and 12u. In addition to the characteristic bands at 2.9, 
4.0u, 6.8u, and 8.24, a band was found at 10.4u in the 
spectrum of deuterium oxide. In the spectra of all the 
heavy acids studied intense absorption bands appear at 
3.4u and near 5.5 in addition to the bands characteristic of 
the solvent. The solutions of DsSO, and D;PO, give rise to 
characteristic SO, and PO, absorption in addition to the 
above-mentioned bands. The bands appearing at 3.44 and 
5.5u are attributed to hydration effects. 


18. The Infrared Absorption of Hydrogen Chloride in 
Nonionizing Solvents. DupLEY WILLIAMs, University of 
Florida.—The infrared absorption of hydrogen chloride in 
four nonionizing solvents has been measured. In every 
solution studied the HCI fundamental vibrational frequency 
was found to be lower than for the gaseous state and the 
variation in frequency was found to increase with increasing 
dipole moment of solvent as long as the solvents were of the 
nitro- 





same chemical nature. Benzene, chlorobenzene, 
benzene, and m-nitrotoluene were used as solvents. In 
every solvent used the coefficient of absorption of the 
dissolved gas was greater than the coefficient of the free 
gas. The results obtained were attributed to the combined 


effects of dipole interaction and the formation of complexes. 


19. Pressure Broadening of Potassium Resonance 
Lines by Argon and Nitrogen. Gorpon F. Hutt, Jr., 
Sloane Physics Laboratory, Yale University —Broadening 
of the potassium resonance lines in absorption by argon and 
nitrogen pressures from 1 to 40 atmospheres has been ob- 
served. Half-widths and shifts of the lines, when plotted 
against ‘‘relative density,” yield curves that are straight 
lines up to relative density 14, indicating that in this pres- 
sure region the Lorentz type of broadening predominates. 
At about relative density 14, “statistical” broadening sets 
in, and the curves depart from linearity. The results are in 
accord with Margenau’s theory,! and also partly in agree- 
ment with the previous work done by Watson and Mar- 
genau® using nitrogen as the perturbing gas. Theoretical 
contours for pressure broadened spectral lines, given by 
Margenau, have been fitted to those of experiment. Agree- 
ment is quite satisfactory, considering the approximations 
made in evaluating the theoretical curves. Three independ- 
ent methods of calculation yield for the van der Waals 
constant } the values 24(10)-" and 18(10)~* cm*® sec. for 
argon and nitrogen respectively. 


1H. Margenau, Phys. Rev. 48, 755 (1935). 
2W. W. Watson and H. Margenau, Phys. Rev. 44, 748 (1933). 


20. The Effect of Pressure on the Absorption and 
Optical Activity of Water. R. H. Zinszer, Indiana Uni- 
versity. (Introduced by J. B. Dutcher.)—The set-up included 
a cylindrical pressure chamber 60 cm long with glass win- 
dows 1.9 cm thick supported on a steel surface; a tungsten 
lamp as the projection source; and a photo-cell as the re- 
ceiver. Readings were taken for the wave-length region 
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6000 to 7000A, at pressures up to 700 kg/cm?*. One feature 
of the work was tw correct for the lens effects as described 
by Poulter! and to determine the magnitude of these effects 
relative to the expected effect due to pressure alone. Stops 
were introduced into the pressure chamber by which it was 
possible to show the divergence produced by the windows 
under pressure on the light beam passing through the 
chamber. This was also attempted with heterogeneous light 
and similar results were obtained. By plotting the percent 
transmission as a function of the pressure it was possible to 
show that the results grouped themselves according to the 
stop size. By plotting the log absorption as a function of the 
log of the area of the stops the relation between the absorp- 
tion and the stop area becomes apparent. This divergence 
was due to the symmetrical stress produced on the window 
as a result of the unsupported area. These results indicated 
that until proper correction is made for the divergence of 
the windows it will be almost impossible to obtain quanti- 
tative values for the absorption effect due to pressure. 


' Thos. C. Poulter and Carl Benz, Phys. Rev. 40, 872 (1932). 


21. The Integral Proof of Lorentz and the Michelson- 
Morley Experiment. W. B. Cartmer. Université de 
Montréal.—It is known to everyone that when the source 
and mirror move together, the angle of reflection at a 45 
mirror is 90°. Fig. 19 in Lorentz’ paper! of 1886, Fig. 3 in 
Voigt’s paper? of 1887, and Fig. 9 in The Theory of Electrons, 
all show this angle as a right angle. From this figure 
Lorentz deduced, by means of his integrals, a v*/c* shift of 
the fringes, but the analysis of Voigt shows that there is no 
shift, which is in agreement with experiment in the case of 
an ideal interferometer 

Voigt’s remarkable paper which seems to have been en- 
tirely overlooked, is based on potential theory, and em- 
bodies some results contained in an earlier paper,‘ leading 
to the relation (p. 47), T’=7/(1—v*/c*) which is similar to 
what was found by the present writer.® In the earlier paper, 
by combining Euler’s dynamic equations with the wave 
equation, he takes into account something that Lorentz 
did not. 

The analysis of Lorentz leads to three integrals derived 
from a triangle of vectors. (Reference 3, p. 177.) But these 
are time vectors, and need special treatment (see Webster's 
Dynamics,’ par. 6, pp. 9-11). If properly analyzed we find 
a curl, giving us a fourth integral, which brings his solution 
into agreement with experiment. 

1H. A. Lorentz, Archives Néerlandaises 21, 103 (1887) 

2 W. Voigt, Goettinger Nachrichten, 1-21, 177 (1887). 

ae A. Lorentz, The Theory of Electrons (G. E. Stechert, New York, 
. ‘ W. Voigt, Goettinger Nachrichten, 1-21, 41 (1887). 


5 W. B. Cartmel, Phys. Rev. |2] 49, 647 (1936). 
6A. G. Webster, Dynamics (G. E. Stechert, New York, 1904). 


22. Electric Impedance of Nerve. KENNETH S. COLE 
AND Howarp J. Curtis, Department of Physiology, College 
of Physicians and Surgeons, Columbia University.—Alter- 
nating current measurements on excised nerve have been 
made over a frequency range from 20 to 2,500,000 cycles 
by means of a Wheatstone bridge, both axial and trans- 
verse to the fiber axis. The axial measurements have not 
been particularly satisfactory and the lack of an adequate 


theoretical analysis has prevented their interpretation. 





1098 


The problem is further complicated by evidence of several 
variable impedance elements. It was found that the pres- 
ence of the nerve sheath in many cases almost completely 
obscures the characteristics of the axons. The transverse 
measurements on stripped nerve may be interpreted on the 
basis of a suspension of uniform cylinders whose membranes 
show a polarization impedance. On the other hand, when a 
statistical distribution of fiber diameters and membrane 
capacities is assumed, measurements on the frog and cat 
sciatic nerves lead to static capacities of the membrane for 
the average fibers of 1.0 and 0.6uF/cm?, respectively. The 
lack of an understanding of the impedance characteristics 
is a considerable handicap to the analysis of electric 


excitation. 


23. An Ionization Chamber for Neutron Measurements 
in Biological Experiments. G. Faitta, Memorial Hospital. 
—A neutron beam of sufficient intensity to be used for 
biological investigations, produces enough ionization to be 
measured readily. While the ionization is largely due to 
high speed protons, it is well to arrange the experimental 
conditions so as to measure all the ionization no matter 
how it is produced. For biological investigations it is 
necessary to measure the ionization under the actual condi- 
tions in which the biological change to be studied is pro- 
duced. The investigation of a similar problem in connection 
with the therapeutic uses of x-rays, has led the writer to 
the development of a new type of ionization chamber, which 
with slight modifications is suitable for neutron 
measurements. The chamber is so constructed that the 
walls can be of exactly the same material as the living 
organism at the point where the biological effect is to be 
studied (viz., skin, muscle, bone, tumor etc.) at the proper 
tissue depth, and with the same geometric contour as the 
living test object. The air volume in which the ionization 


also 


is produced is eliminated by extrapolation. 


24. Physics in Textile Research. Irnvinc J. SAXL. 
Providence, R. I.—It is only recently that it has been real- 
ized that one of the oldest industries in the world, the tex- 
tile industry, is based upon the understanding and proper 
application of physical principles. Textile materials are 
primarily physical materials, characterized by such phys- 
ical constants as breaking strength, elongation, Young’s 
modulus, dielectric strength, specific properties of light, 
reflection and absorption, special behavior in polarized 
light, and many more. The investigation of these phenom- 
ena required the development of a new experimental tech- 
nique. A number of instruments are described and lantern 
slides of them shown, and the various methods discussed, 
which have been recently developed for bringing about a 
better understanding of the physical properties of textile 
fibers, and the industrial application thereof to improve- 
ments in manufacture of better fabrics and textile materials. 


25. An Apparatus for Measuring the Thermal Conduc- 
tivity of Refractories at High Temperatures. J. L. Finck, 
The J. L. Finck Laboratories, New York, N. Y.—In the de- 
sign and construction of industrial furnaces, much atten- 
tion has been given of late to the question of heat insula- 
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tion, and a large number of heat insulating refractories 
have appeared on the market. It is therefore necessary to 
have a means for measuring the thermal conductivity of 
refractories at temperatures up to 2000°F, and in some 
cases at even higher temperatures. This apparatus is de- 
signed to measure thermal conductivity over the range 
from room temperature to about 2000°F. The theory of the 
design and method of test are discussed. Numerous details 
in design and operation are considered. 


26. Effect of Nuclear Motion in the Dirac Equation. 
IrvinG S. Lowen, New York University Since the Dirac 
Equation {E/c+a-p+aymc}y=0 is derived only for the 
one-body case, it is inapplicable to the discussion of the 
effect of the nuclear ‘‘mitbewegung”’ on the energy levels 
even of the one-electron problem, for a rigorous discussion 
of which one would need an accurate two-body relativistic 
equation. In the absence of such an equation relativistic 
corrections to the one-body Hamiltonian to the order 
(m/M)? and (v/c)? have been obtained, with the aid of the 
Breit relativistic two-particle interaction.! It turns out 
that the contribution of the terms in (m/M)? to the energy 
is negligible, the final Hamiltonian to terms of the order 
m/M being 


{E ‘c+Ze 'ro+ —ZeV, +@2°P2tagymc— p; ‘2Mc+uy, -H, 
+e/cur-TX@2/+Ze?/2 McC (a@2/r)- pit(ae-r/r*)r- pi] Y=0 


where the subscript 1 refers to the heavy particle with 
charge Ze, mass M, and magnetic moment wu; while sub- 
script 2 refers to electron, r being the vector distance be- 
tween both particles pointing from particle 1 to 2 and H, 
the external magnetic field. Calculation of the terms 


AW =Ze?/2 Mc[ (@2/r)- p2+ (@2-1/r3)r- po ]+p.2/2M 


where the substitution pp= —p; has been made for a 1 s 
electron in the field of a nucleus of charge Ze gives a re- 
sult in agreement with that for the Schriédinger treatment 
of mitbewegung to terms of the order m/M. 


1G. Breit, Phys. Rev. 34, 553 (1929). 


27. Electron Exchange in the Theory of Metals. Joun 
BARDEEN, Cambridge, Mass.—A discussion is given of the 
general principles underlying the application of the Fock 
equations, which include the effects of electron exchange, 
to such problems as the specific heat of electrons, conduc- 
tivity, thermionic emission, thermoelectricity, etc. The 
energy parameter, E(k, T), of the Fock equation corre- 
sponding to the wave function e*** y¥,(x), depends on the 
distribution of the remaining electrons in & space, and is 
thus a function of the temperature. The usual distribution 
formula for Fermi-Dirac statistics applies with E(k, T) 
replacing the individual electron energy, ex, even though the 
total energy is no longer given by ZE(k, T). Since the ex- 
change energy is a function of &, the distribution will be 
modified even if the electrons are free except for their 
mutual electrostatic interaction. The specific heat of free 
electrons goes to zero at T=0 as aT/log (€/kT). At ordi- 
nary densities and temperatures it is smaller than that 
predicted by the usual theory by a large factor (~3-7). 
The theoretical value of the resistivity of a metal like N 
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the electrons of which are essentially free, is reduced by the 
same factor. Expressions for the total current resulting 
from a given distribution of electrons are discussed in their 
relation to the problems of conductivity, thermionic emis- 
sion, and thermoelectricity. 


28. Action of Nonelectric Forces on Electrons and 
Positrons. W. H. Furry, Harvard University—Considera- 
tions of Inglis* on nuclear doublet separations have led 
the writer to discuss* the introduction of nonelectric 
forces into the Dirac equations. When such forces are 
applied to an electron-positron distribution, one expects to 
find that they deflect both sorts of particles in the same 
direction, in contradistinction to the action of electric 
forces. This expectation is easily verified in the case of 
low velocity particles. A further confirmation is found in 
the discussion of processes in which the occurrence of elec- 
trons and positrons is transitory only. On account of the 
opposite action of electric forces on the two signs of charge, 
the odd orders in the perturbation calculations of such 
effects must vanish identically, provided only electric 
forces act. This selection rule must be suitably modified 
when nonelectric forces are present. 


* Physical Review, in press. 


29. Vertical Distribution of Ozone in the Upper At- 
mosphere. BRIAN O’BRIEN, F. L. MonLer, H. S. STEWarrt, 
Institute of Optics, University of Rochester, National Bureau 
of Standards, University of Rochester —Measurements of 
the vertical distribution of atmospheric ozone on the 1935 
Stratosphere Flight of the National Geographic, U. S. 
Army Air Corps previously reported! have been extended 
beyond the 22 km ceiling reached by the balloon, using 
spectra photographed with a second spectrograph receiving 
light from the sky just above the horizon. By taking into 
account primary scattering only it has been shown that for 
zenith angles of the sun small compared to that of the 
region of sky illuminating the instrument, the apparent 
ozone as measured by it is a function of the concentration 
immediately above as well as of the total ozone. It is thus 
possible to arrive at the form of the ozone distribution 
several kilometers beyond the balloon ceiling. While the 
distribution thus found is not a single valued function 
nevertheless the distribution can be found within narrow 
limits if a sufficient number of sky spectra are available at 
slightly different elevations near the top of the flight. A 
sharp concentration of ozone centering at 22 km has been 
found to fit best the sky spectrograph observations. From 
a maximum of 0.018 cm S. T. P./km at 22. km the con- 
centration falls to half this value at about 24. km, and less 
rapidly beyond that. The sky observations are in good 
agreement with those of the instrument receiving direct 
sunlight up to 22. km. This sharp concentration is ap- 
proached by observations on the umkehr effect made by 
Meetham and Dobson at Tromso.? 


10’Brien, Mohler, Bull. Am. Phys. Soc. 11, 24 (1936). 
? Meetham and Dobson, Proc. Roy. Soc. A148, 598-603 (1935). 


30. A Possible Critical Latitude Phenomenon Limited to 
Altitudes Above Sea Level. W. F. G. Swann, Bartol 


Research Foundation of the Franklin Institute —The writer 
has formerly developed a theory of cosmic-ray phenomena 
based upon the production of secondaries and founded 
upon a law of absorption of primary energy of the form 
—dE,/dx=a+ XE, where E, is the primary energy at the 
depth x below the top of the homogeneous water equiva- 
lent atmosphere, a is the loss per unit of path by ionization 
and XE, is the loss per unit of path by secondary production. 
It results that if the ‘‘secondary hump”’ in the intensity- 
altitude curve is to be attributed to a range phenomenon of 
one group of the primaries, the corresponding value of \ 
is such that the rays which penetrate the earth’s magnetic 
field at the equator cannot penetrate the atmosphere. 
Hence, in addition to the normal critical latitude phenom- 
enon observable at sea level and having its origin in one 
set of primaries there should exist another set of critical 
latitude phenomena; but, they are confined to altitudes 
above a certain minimum which is of the order of 0.6 
meter of water. Starting at the equator the critical latitude 
in question gradually works its way out to higher latitudes 


with increasing altitude. 


31. Geiger-Miiller Counters for Special Purposes. 
Gorpon L. Locuer, Bartol Research Foundation of the 
Franklin Institute-—The design, construction, and operat- 
ing characteristics of various new forms of Geiger-Miller 
counters are described. These include: Gamma-ray counters 
for gamma-rays, x-rays, and corpuscular cosmic rays; 
particle counters with thin glass windows, Cellophane 
windows, and thin glass walls; neutron counters, with thin 
soft glass walls and silver cathodes, for measuring low 
intensities of slow neutrons by means of the activation of 
the cathode; and photoelectric counters with stable surfaces 
and high sensitivity, for measuring weak visible and ultra- 
violet light. The operating characteristics of counters 
filled with vapor, instead of gas, are described; these vapors 
include dimethylaniline, anisole, bromine, and iodine. 


32. Further Observations of Cosmic-Ray Tracks in 
Photographic Emulsions. T. R. Witkins, University of 
Rochester.—A continuation of our study of the plates sent 
on the stratosphere flight of the Explorer II has yielded a 
further number of tracks due to high energy particles. 
The cyclotron has been used to give intense beams of 
proton tracks to check the figures previously used to 
differentiate between alpha-rays and protons on the basis 
of average grain spacing. A number of cosmic-ray tracks 
have been photographed at various settings of the fine 
adjustment of the microscope to show the dip of the 
tracks in the emulsion. Examples of small angle scattering 
(about 3 to 5 degrees) have been observed and in a number 
of cases short branch tracks of 4 or 5 grains occursat the 
bends. In several instances these branch tracks go to the 
same side as the main deflection, apparently indicating 
that the short track cannot be due to a collision-recoil but 
to a disintegration without capture of the high energy 
particle. The phenomenon of disintegration without 
capture has not heretofore been reported as far as is 
known. On accepted theories it would not be expected at 
small angle scattering. 
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33. The Triangle Proof of Lorentz. W. B. CARTMEL, 
Université de Montréal——This was based on his proof in 
the form of integrals in which he considered the angle of 
reflection to be 90° as shown in The Theory of Electrons, 
Fig. (9). In Fig. (9), the ray in the arm at right angles to 
the ether-drift, goes out to the end mirror and returns to 
the same point on the plate. If we now consider axes fixed 
in the ether so that our mirrors are shown displaced 
instead of the mirrors being fixed with the ether drifting 
by, and suppose that the laws of geometrical optics still 
hold, we will undoubtedly arrive at the triangle construc- 
tion of Lorentz. But this is not in agreement with experi- 
mental optics. When we give the mirror a displacement of 
pure translation, the beam of parallel rays is displaced 
parallel to itself and a different ray passes through the 
optical center of the observing telescope. We cannot 
suppose that the motion of the plate bends the ray over 
so as to make the same ray pass through the center of the 
lens. From the viewpoint of the pure mathematician, 
however, a transformation from moving axes to fixed axes 
gives us the triangle. But when we follow the methods of 
the pure mathematician we must use his safeguards. Our 
moving axes are affected by the curl of the vector causing 
them to rotate (see Webster’s Dynamics, p. 246). There- 
fore in making a transformation of coordinates, we must 
use rigorous mathematics if we require accuracy to the 
second order. The elementary triangle proof merely tells 
us that there is no first-order effect in an ideal inter- 
ferometer. 

1A. G. Webster, Dynamics (G. E. Stechert, New York, 1904). 


34. Apparatus for Transmitting Cosmic-Ray Data from 


the Stratosphere. Ricuarp L. Doan,* University of 


Chicago.—Improvements in design of apparatus first de- 
scribed two years ago! will be reported. Ionization is meas- 
ured by a Dershem-type electrometer in conjunction with a 
22.1 spherical air-tight chamber made of 0.018 in. steel and 
filled with 5 atmos. of argon. A light beam reflected from an 
electrometer mirror falls on the slit of a photo-cell and 
closes a permalloy relay thus sending out the signal over 
short wave transmitter and also grounding the collecting 
system for the start of a new cycle. Atmospheric pressure 
is measured by means of an evacuated sylphon bellows with 
a steel spring inside. Changes in length of the bellows cause 
a metallic pointer to move around the circumference of a 
3 in. dial consisting of brass contacts embedded in Bakelite, 
thus varying the resistance in a neon-tube flasher circuit, 
which consequently pulses with a frequency dependent on 
pressure. The pulses are also transmitted by radio and 
received, together with the cosmic-ray signals, at the 
ground station on a National A.G.S. short wave receiver 
feeding into a tape recorder. The total weight of gondola 
(Dow metal) plus equipment is in the neighborhood of 20 Ib. 


* Now at Phillips Petroleum Co., Bartlesville, Okla 
1J. M. Benade and R. L. Doan, Phys. Rev. 47, 198 (1935). 


35. Nuclear Radius and Many-Body Problem. H. A. 
BETHE, Cornell University.—In the old theory of Condon- 
Gurney and Gamow, the probability of a-decay of a 
radioactive nucleus was given directly by the transmission 
of the potential barrier. According to the many-body 


concept of nuclei introduced by Bohr, a factor must be 
added representing the probability that an a@-particle is 
formed in the nucleus and the energy concentrated upon it. 
This factor is certainly quite small, according to the evi- 
dence from slow neutron experiments. To compensate for 
it, the transmission of the potential barrier must be as- 
sumed much larger than in the Gamow theory; in other 
words the potential barrier must be smaller, and the nuclear 
radius larger than that deduced by Gamow. If we assume 
that the concentration of energy on a radiaoctive a-particle 
is as probable as on a neutron of the same wave-length, 
the radius of radioactive nuclei turns out to be about 
13 10- cm+10 percent, as compared to 9X10~-" cm in 
the Gamow theory. The new radius makes understandable 
why heavy nuclei can be disintegrated quite easily by 
deuterons of only moderate energy (4-5 MV). The cross 
section observed by Lawrence for such disintegrations, viz 
about 10-*5 cm?, agrees with reasonable theoretical ex- 
pectations when the new radius is used but is much too 
large to be explained on the basis of the old radius. 


36. Transmutation Functions and the Many-Body Model 
of the Nucleus. H. A. BeTHE AND E. J. Konopinsk1,! 
Cornell University—The Bohr nuclear picture leads to 
lower coulomb barriers than the ones formerly accepted.” 
For example, the Mg” barrier for deuterons has now a 
height of 2.9 MV instead of the old value, 4.2 MV. Ac- 
cording to the Gamow-Condon-Gurney theory, the yield 
from reactions produced by deuteron bombardment of 
Mg” should therefore not increase for bombarding energies 
greater than 2.9 MV. In contrast to this, the experiments 
give a continued increase in the yield up to 3.5 MV. This 
may be explained with the help of the Breit-Wigner theory, 
according to which the yield is given by:* 27°R°T;Io/AT 
(R=nuclear radius; [';l!=nuclear level widths corre- 
sponding to the emission of incident and outgoing particles; 
I'=total width; A=spacing of the levels). The continued 
increase of the yield may be explained by the decrease in 
the spacing and by the increase of I) expected because 
more final states become possible for the nucleus produced. 
The latter factor, in particular, fits in with the fact that 
the yield of a@-particles from the Mg**+H? reaction in- 
creases more rapidly with the energy than the proton yield. 
For 1.3 MV deuterons, the a-particle energy is just greater 
than the barrier height only if the residual Na** is left in its 
ground state, while for higher deuteron energy the a-par- 
ticle can also escape leaving Na* in an excited state. 

! National Research Fellow. 

2 See preceding abstract. 


’M. C. Henderson, Phys. Rev. 48, 855 (1935). 
4 Bethe, Phys. Rev. 50, 977 (1936). 


37. On Magnetic Moments of Light Nuclei in the 
Individual Particle Model. H. A. Betue ANp M. E. Rose, 
Cornell University.—On the basis of the individual particle 
model Feenberg and Wigner! have found for the ground 
states of light nuclei the following results: for Li®, N™ and 
B" (8S), for Li’, Be’, Be®, B®, BY, C", C8, N®, N®, OB, 
(?P), and for Li’ and B" (°P). For the P terms the ambiguity 
in the nuclear spin J in the ground state may be removed 
by using the considerations of Inglis® concerning spin-orbit 
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coupling in nuclei. In this way one finds an inverted mul- 
tiplet for Li’ Be’ (ground state J=}) and for Li® (J=2) 
with regular multiplets for C’, N“, N®, O%, (J=3) and 
for B'* (J=0). For the nuclei Be’, B®, B“, C", special con- 
sideration is necessary because for a given parent term of 
neutrons and protons the spin-orbit energy vanishes. The 
calculation indicates a regular doublet for these nuclei. 
By using the spins found in this manner the magnetic 
moments are determined. Recent experiments of Rum- 
baugh and Hafstad* show a doublet fine structure in the 
proton group from Li®+H?=Li’+H! which agrees in sign 
and order of magnitude with the spin-orbit splitting of the 
*P state of Li’ predicted by the theory. Similar fine struc- 
ture should be observable in the proton groups from the 
reactions C!®?+H?=C+H! and N“+H?=N"+H! if thin 
targets are used. 
1 E. Feenberg and E. Wigner, Phys. Rev. (in press). 


2D. R. Inglis, Phys. Rev. 50, 783 (1936). 
3L. H. Rumbaugh and L. R. Hafstad, Phys. Rev. 50, 681 (1936 


38. Production of Neutrons with Low Voltage. WV. H 
ZINN AND SAMUEL SEELEY, Columbia University.—An in 
vestigation has been carried out to determine if the reaction 
D,?+ D,*>He,' +,’ provides a useful neutron intensity at 
voltages of the order of 60 kv. A low voltage arc source of 
the type described by Tuve, Dahl and Hafstad,' which 
gives ion positive currents of 4 ma with a probe hole 1 mm 
<5 mm has been developed. Magnetic analysis shows, for 
hydrogen, 15 to 20 percent protons. It is found that the 
neutron yield from a D,O ice target at 60 kv is 1 me per 
uA of positive ions. One hour’s bombardment with a power 
input into the target of 15 watts produces no change in 
neutron intensity due to the disappearance of the ice. With 
25 watts input the intensity decreases slightly after 15 
minutes bombardment. Neutron intensities equivalent toa 
500 mc Ra—Be source have been obtained using 0.5 ma 


of ions in a sharply focused beam. 


! Phys. Rev. 48, 241 (1935). 
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